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Résumé en français
Les sources d’électrons utilisées en microscopie électronique ont une haute brillance

mais une haute dispersion en énergie (>250 meV). D’autres types de sources existent,
basées sur la photo-ionisation de jets atomiques, remarquables par leur finesse énergé-
tique (quelques meV), mais à faible courant (quelques dizaines de pA au mieux) ce qui
interdit leur usage en microscopie. Une source d’électrons générant un courant de 1 nA
tout en gardant une faible dispersion en énergie permettrait d’améliorer grandement cer-
taines techniques de microscopie en se débarrassant des aberrations chromatiques dans
la colonne, mais aussi de construire un nouvel instrument : HREELM. Cet instrument
permettrait, pour la première fois, de coupler des mesures de microscopie électronique
à basse énergie (de surface, type LEEM) avec des mesures de spectroscopie de perte
d’énergie d’électrons de haute résolution (de type HREELS). Le premier chapitre de cette
thèse rappelle l’état de l’art en microscopie électronique et montre comment HREELM
permettrait de réaliser des études encore impossibles avec les instruments existants. La
réalisation instrumentale de HREELM est détaillée, et converge vers la conclusion que les
sources d’électrons existantes ne permettent pas de réaliser HREELM.

Une piste très prometteuse pour obtenir une source d’électron adaptée est de par-
tir d’une source intrinsèquement monochromatique (source en photo-ionisation d’un jet
atomique) et d’augmenter la brillance de la source en améliorant le processus d’ionisation
des atomes du jet. Ceci peut se faire en excitant les atomes vers des états très excités dits
de Rydberg, qui peuvent présenter des taux d’ionisation non-négligeables en champ élec-
trique.

Cette thèse explore à la fois théoriquement et expérimentalement comment les états
de Rydberg peuvent être utilisés pour développer une source d’électrons innovante adap-
tée au projet HREELM, présentée en détail dans le premier chapitre. C’est pourquoi cette
thèse contient deux chapitres dédiés à la prédiction de l’énergie et des taux d’ionisation de
ces états, tant d’un point de vue théorique (voir chapitre 2) qu’expérimental (voir chapitre
3). Une fois que nous avons vérifié que nous étions capables de prédire quantitativement
à la fois l’énergie et le taux d’ionisation de presque n’importe quel état de Rydberg indi-
viduel perdu dans la région des spaghettis 1, nous pourrions l’utiliser pour poursuivre
l’étude des sources d’électrons, dans les deux chapitres suivants : le chapitre 4 traite des
études sur une source d’électrons continue, tandis que le chapitre 5 traite des sources
d’électrons pulsées.

De manière un peu plus détaillée, voici le contenu de ces cinq chapitres :

1(c’est le surnom des régions de la carte de Stark où les états de Rydberg sont complètement mélangés
les uns aux autres et où l’évolution de l’énergie des états semble presque aléatoire).
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• Dans le premier chapitre, je donne un rapide aperçu du domaine de la microscopie
électronique, en montrant les formidables réalisations des cinquante dernières an-
nées, particulièrement les développements récents qui font entrer la spectroscopie
d’électrons dans les colonnes de microscopie. Cela m’aidera à introduire l’idée que
le projet HREELM comblerait un vide dans la boîte à outils des scientifiques de sur-
face d’aujourd’hui. Les détails de l’instrument HREELM sont ensuite donnés, de la
conception de la colonne à l’analyse de l’énergie. Ceci a des conséquences pour la
source d’électrons, car une solution nécessite un faisceau continu et intense, alors
que l’autre solution nécessite un faisceau d’électrons pulsé avec une faible disper-
sion temporelle. De plus, je passerai en revue les sources d’électrons utilisées en mi-
croscopie électronique, et montrerai comment elles ne sont pas adaptées à HREELM.
Cette revue générale de la microscopie électronique est justifiée par le fait qu’une
source d’électrons intrinsèquement monochromatique adaptée à une colonne de mi-
croscope rendrait non seulement possible la construction de l’instrument HREELM,
mais bénéficierait à toutes les techniques existantes qui utilisent des sondes électron-
iques. La seconde partie de ce premier chapitre sera consacrée à d’autres sources
d’électrons existantes, dans le domaine de la physique atomique et moléculaire,
caractérisées par leur faible dispersion d’énergie. Les électrons sont dans ce cas
extraits d’atomes en jet ou en vapeur, par des radiations laser soigneusement ac-
cordées. Cela permettra une analyse détaillée des sources de dispersion d’énergie
dans une telle source d’électrons et servira de base à toutes les études ultérieures,
car la meilleure compréhension de cette dispersion d’énergie est nécessaire pour la
maintenir à son niveau le plus bas. Un point important est que, comme prévu,
si nous voulons à la fois un faisceau d’électrons à faible dispersion d’énergie et
des courants suffisamment élevés pour les applications, une compréhension dé-
taillée des processus d’excitation et d’ionisation est nécessaire. Les applications
de HREELM sont évidentes, mais comme nous l’avons déjà mentionné, les résul-
tats les plus excitants seraient probablement obtenus sur d’autres systèmes, qu’il
est presque impossible de prévoir.

• Le deuxième chapitre présente les atomes de Rydberg et la physique de Rydberg en
détail, d’un point de vue théorique. En particulier, l’accent est mis sur les méthodes
théoriques permettant d’étudier les états de Rydberg dans les champs électriques,
car ce sont les réservoirs d’électrons que nous utiliserons. Une méthode en partic-
ulier, la méthode de transformation de repère local (LFT) sera expliquée en détail et
une dérivation de ses principaux résultats sera donnée. Ceci sera utile pour com-
prendre les résultats d’un code informatique exploitant cette méthode et fournissant
des spectres de photo-absorption d’atomes de métaux alcalins. Ce code est à la base
de nos études sur l’ionisation des états de Rydberg, car il donne à la fois l’énergie
de ces états, la force relative des dipôles de transition et leur taux d’ionisation.

• Dans le troisième chapitre, je compare les résultats obtenus par le code LFT aux
cartes Stark expérimentales. Le dispositif expérimental que j’ai construit de toutes
pièces au cours de cette thèse est présenté en détail, et une comparaison quantitative
est réalisée pour le césium, sur une large gamme d’énergie. Je trouve que l’accord est
excellent dans l’ensemble, et que cette méthode est totalement adaptée aux études
d’ionisation requises pour développer notre source d’électrons.
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• Dans le quatrième chapitre, je traite de la réalisation d’une source d’électrons à fais-
ceau continu pour HREELM. Je présente d’abord une description de l’ionisation
des états de Rydberg dans un champ, et montre comment notre connaissance des
atomes de Rydberg peut être utilisée pour minimiser les différents termes de la dis-
persion d’énergie qui ont été identifiés à la fin du chapitre 1. Ceci m’amène à dé-
tailler une tentative expérimentale de mesure de la dispersion énergétique de notre
source d’électrons. Le montage a en effet été enrichi d’un spectromètre d’électrons,
pour mieux comprendre le lien entre champ électrique d’extraction et dispersion en
énergie du faisceau d’électrons produits. Les résultats obtenus m’amènent à pro-
poser deux variantes d’une source d’électrons continue proche de l’optimum, avec
des simulations détaillées montrant l’impact des différentes sources de dispersion
d’énergie.

• Dans le cinquième chapitre, je me tourne vers la réalisation d’une source d’électrons
pulsée. Cela commence par une proposition détaillée d’un schéma de détection
pulsé dans HREELM, jusqu’aux détecteurs que nous pourrions utiliser. Il s’agit d’un
préliminaire au reste de la discussion sur la source d’électrons pulsés, car ce schéma
de détection impose des contraintes à la source d’électrons, notamment en termes
d’étalement temporel des impulsions d’électrons. Deux façons d’ioniser les atomes
de manière pulsée sont discutées : tout d’abord, il est possible de pulser le laser ion-
isant, et je présente quelques données expérimentales acquises à Mayence. Comme
à la fin du chapitre 1, les sources d’étalement temporel dans une source d’électrons
pulsée sont explicitement citées et expliquées. La possibilité de manipuler les pa-
quets d’électrons pour améliorer leur énergie ou leur étalement temporel est étudiée
théoriquement, par des simulations et expérimentalement. Ensuite, je montre qu’il
est possible de pulser le champ électrique nécessaire au processus d’ionisation, dans
un processus d’ionisation innovant (et breveté) appelé ionisation par champ de ré-
sonance pulsé de Rydberg. Je présente des données expérimentales acquises à Orsay
montrant qu’une expérience de preuve de concept permet d’approcher des impul-
sions d’électrons d’un étalement temporel de 1 ns.

• Le sixième et dernier chapitre fait office de conclusion et détaille les travaux en
cours au Laboratoire Aimé Cotton. Il commence par décrire notre nouveau disposi-
tif expérimental qui nous permettra de réaliser le premier prototype de l’instrument
HREELM, ainsi que plusieurs perspectives très prometteuses permettant d’améliorer
encore les performances de notre source d’électrons.
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Introduction

FIGURE 1: Sketch of the surface of the Moon by Galileo, obtained with a
recently improved refracting telescope. Reproduced from [1].

On the 30th November of 1609, Galileo Galilei began pointing his recently improved
refractive telescope towards the moon, observed its rough surface, and found it to be
quite different from the perfect stellar object postulated by Aristotle. It is an improved
version of previous instruments (the "Dutch perspective glass"), that were used mostly
for military purposes. The report of this observation, among many others, was published
in his Starry Messenger (Sidereus Nuncius) and startled debate on the nature of the stellar
objects. Shortly after this report, scholars from all over Europe started experimenting and
improving the refractive telescope. This led to Newton and his reflective telescope, and
to the giant telescopes that are now used every day in observatories around the world.
The observation of Galileo is often quoted as the first use of an optical instrument for the
observation of the sky, but many scholars performed similar observations before Galileo.
Thomas Harriot for example performed both earlier and more precise observations of the
moon, but did not distribute his work and communicated it as well as Galileo did. These
observations were made possible by a technological improvement: the birth of a novel
scientific instrument, the refractive telescope, that was able to surpass the precision of the
naked-eye observations of Ticho Brahe.

This historical detour illustrates two main points about science and scientific progress:
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• Science is intricately linked to technology, and the development of novel scientific
instruments is a strong vector of scientific progress. The biggest progress is further-
more usually not in the direction intended during the development of the instru-
ment.

• Science is a collective process, thus based on communication, and communicating
is easier with nice sketches.

Four centuries later, modern science is inseparable from its instruments. Imaging
atoms, producing the coldest matter in the universe or observing black holes is now rou-
tinely achieved in laboratories. The year 2020 showed that fundamental research (in biol-
ogy, virology...) could be of paramount importance to the sanitary and political stability
worldwide. In particular the study of the COVID-19 virus rests heavily on cryo-electron
microscopes (cryo-EM)[2–4], formidable instruments that give access to the detailed struc-
ture of proteins without the requirements of protein-crystallisation. Atomic resolution for
proteins in the single-particle cryo-EM was obtained very recently[5], concluding almost
a century of the development of the electron microscope.

Another direction of the developments of electron microscopes is towards the study of
surfaces, interfaces, and bulk materials. The present thesis is a continuation of these de-
velopments, through the HREELM project. HREELM stands for high-resolution electron
energy loss microscope, and is a scientific collaboration between teams in Laboratoire
Aimé Cotton (LAC), in the Institut des Sciences Moléculaires d’Orsay (ISMO) and the
Service de Physique de l’Etat condensé (SPEC). The ambition of this project is to develop
and construct a new, innovative instrument for the surface science community, that will
enable both high-resolution electron spectroscopy and low-energy electron microscopy.

Many techniques already exist in this field to study and analyse the physics and chem-
istry happening on sample surfaces. A rapid and non-exhaustive sum-up of the dominant
techniques and their possibilities is presented in table 1, along with the ambition of the
HREELM project.

Technique Imaging ∆x(nm) ∆E(meV) Surface sensitivity

STEM-EELS Scanning < 1 5 ×
Micro-Raman Scanning 500 < 1 ×

TERS Scanning 35 < 1 ∼
HREELS × × 1 4

LEEM Full-field 15 250 4

HREELM Full-field 20 5 4

TABLE 1: State of the art of different techniques relevant in surface science
and materials analysis (highly non-exhaustive), with spatial resolution (∆x)
and energy resolution (∆E). The quoted values for HREELM show the ambi-
tion of the project. STEM-EELS: scanning-transmission electron microscope
coupled with electron energy loss spectroscopy; Micro-Raman: Raman spec-
troscopy coupled to an optical micrscope TERS: tip-enhanced Raman scatter-
ing; HREELS: high-resolution electron energy loss spectroscopy and LEEM:
low-energy electron microscopy. Surface sensitivity indicated if the tech-

nique is particularly sensitive to the surface features.
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FIGURE 2: Schematic of the HREELM project, combining both the spectro-
scopic resolution of HREELS and the imagery of LEEM into a single instru-
ment. The HREELM instrument requires a monochromatic electron source,

with a caesium oven producing an atomic beam ionised with lasers.

Most of these techniques use electron probes, but TERS and micro-Raman uses pho-
tons. Micro-Raman is the combination of a Raman spectrometer and an optical micro-
scope. TERS is modified version of micro-Raman, based on the intensity increase of
Raman scattering close to tips. A nanometric-scale tip is scanned on the surface of the
sample and the Raman signal is recorded. Using light allows good spectral resolution,
but it is currently limited to a few tens of nm concerning the spatial resolution, and
it requires scanning. Other relevant techniques are STEM-EELS, HREELS and LEEM.
They use electron probes at high-energy for STEM-EELS and low-energy for HREELS and
LEEM. STEM-EELS is the combination of two techniques: scanning transmission electron
microscopy and electron energy loss spectroscopy in the same instrument. It provides
very high spatial resolution, with usually rather poor spectral resolution. It is however a
very active field, and recent instrumental improvements now gives access to a very good
spectral resolution (5 meV). It is however a bulk-sensitive technique and also requires
scanning the electron probe to obtain a microscopic image.

HREELS and LEEM are both sensitive only to the surface of the sample and require
no scanning. They use both low-energy electrons impinging on the surface of the sample.
In HREELS the electrons are very monchromatic and the energy losses at the contact of
the sample are analysed, providing a high-resolution spectroscopic technique. In LEEM,
the low-energy electron probe is used to image the surface of the sample, providing mi-
croscopy images with good spatial resolution.

Table 1 indicates that there is currently no technique allowing full-field imagery of a
surface with the spectroscopic resolution enough for resolving surface phonons and low
energy surface plasmons (it demands less than 10 meV spectral resolution).

The main idea of the HREELM project is to combine two mature surface science tech-
niques (HREELS and LEEM) into a single instrument, allowing full-field imagery com-
bined with resolution of low-loss phenomena like surface plasmons and phonons. If it
represented schematically on figure 2. This combination should allow the acquisition of a
high-resolution image of a sample’s surface coupled with a high-resolution spectroscopic
analysis, and to correlate microscopy and spectroscopic information with high resolution.
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Furthermore, a second acquisition mode should allow to map the dispersion of phonons
of the surface at high spectral resolution.

Many studies of physico-chemical systems would greatly benefit from such an instru-
ment. For example, in photovoltaic systems the interaction of charge carriers with surface
phonons leads to non-radiative losses, to the detriment of the desired function. Being able
to map the vibrational energy losses would therefore help to elucidate and potentially re-
duce parasitic coupling. The study of ferroelectricity would also greatly benefit from this
possibility. Indeed the ferroelectric effect (a long-lasting magnetization) is associated with
the generation of a characteristic soft-phonon mode that could be observed and correlated
to microscopy contrast features. The study of surface plasmons and surface phonons on
nano-scale objects could also greatly benefit from this instrument, as it already benefited
from the great improvements of STEM-EELS[6]. Another field of application beyond the
advanced analysis of a system is the modification of this system, with real-time moni-
toring. For example the study of the functionalization of molecular layers on surface by
optical or electronic irradiation requires both very high spectroscopic resolution and a
spatial resolution of a few nanometers[7].

One of the most crucial elements in the instrumental developments of all techniques
involving electron probe is obviously the improvement of the electron probe itself. This
is particularly true for HREELS, which benefited from the impressive improvements in
electron source monochromation. However, this monochromation decreases the quality
of the electron beam, and does not allow high-resolution microscopy like LEEM. Join-
ing these two techniques thus has a strong prerequisite: an novel electron source must
be developed, that will have the properties fitted for both spectroscopy and microscopy
purposes. The crucial element that allows the realization of HREELM is indeed a highly-
monochromatic electron source, very different from the ones usually used in electron
microscopy.

Indeed it exists a variety of different electron sources, like tungsten wires or LaB6 tips,
but these create electron beam with large energy spread, in the eV range (0.25 eV for the
cold-field electron guns (CFEG)). Close-to-monochromatic electron beams are used in the
field of atomic and molecular physics, where the study of electron collisions with atoms or
molecules require electrons with very well defined energies. These are created by electron
sources based on the photo-ionisation of free atoms. The work achieved during this thesis
is an effort to start from these monochromatic electron sources, improve their properties,
and make them fit for the HREELM project. In particular they usually lack enough current
to be used as a microscopy probe. This low current is a direct consequence of the low
efficiency of photo-ionisation, and the associated very high laser power required.

As these electron sources involves the controlled ionisation of atoms, improving their
properties requires an in-depth understanding of the physics at play. In particular, this
can involve Rydberg states, that are very peculiar, highly excited atomic states. Exciting
Rydberg states requires a lot less laser power than photo-ionisation, which could increase
the electron current given by these electron sources.

The study of the properties of Rydberg states is an active subject, both fundamental
and about their possible applications in quantum communication, quantum simulations
or sensing. Rydberg states are very well known in the Laboratoire Aimé Cotton, particu-
larly in the group of Pierre Pillet, continued as the group of Daniel Comparat nowadays.
The study of the ionisation of Rybderg states in electric fields is active since the early days
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of Rydberg physics, but predicting the precise lifetime of individual strongly-shifted Ry-
dberg is not easy, and very few studies exist on caesium in particular. This constitutes an
interesting problem in itself, but is also a preliminary to using these states as the basis for
an efficient and innovative electron source.

This thesis thus explores both theoretically and experimentally how this knowledge
on Rydberg states can be applied on electron sources, to develop an innovative electron
source adapted to the HREELM project, presented in details in the first chapter. This
is why this thesis contains two chapters dedicated to the prediction of the energy and
ionisation rates of these states, both from a theoretical (see chapter 2) and an experimental
point of view (see chapter 3). Once we verified that we were able to predict quantitatively
both the energy and the ionisation rate of almost any individual Rydberg state lost in the
spaghetti region2, we could use it to pursue electron source studies, in the following two
chapters: chapter 4 deals with studies on a continuous electron source, while chapter 5
deals with pulsed electron sources.

In a bit more details, this is what the five chapters contain:

• In the first chapter I give a rapid overview of the field of EM, with an emphasis
on recent developments that bring electron spectroscopy into EM columns, show-
ing the tremendous achievements of the last fifty years. This will help me intro-
duce the idea that the HREELM projet would fill a gap in today’s surface scientists
toolbox. Details about the HREELM instrument are then given, from the design of
the column to the energy analysis. this has consequences for the electron source,
as one solution requires a continuous, intense beam, whereas the other solutions re-
quires a pulsed electron beam with low temporal spread. Furthermore, I will review
the electron sources used in EM, and show how they are not adapted to HREELM.
This broad review of EM is justified by the fact that an intrinsically mono-chromatic
electron source adapted to a microscope column would not only make possible the
construction of the HREELM instrument, but would benefit all the existing tech-
niques that use electron probes. The second part of this first chapter will be about
other existing electrons sources, in the field of atomic and molecular physics, char-
acterised by their low energy spread. The electrons are in this case extracted from
free atoms, by carefully tuned laser radiations. This will allow a detailed analysis of
the sources of energy spread in such an electron source and serve as a basis for all
further studies, as the best understanding of this energy spread is required to keep
it at its lowest. An important point in that, as expected, if we want to have both a
low-energy spread electron beam and high-enough currents for the applications, a
detailed understanding of the atomic laser excitation and of the ionisation process
is required.

• The second chapter deals introduce Rydberg atoms and Rydberg physics in some
details, from a theoretical point of view. In particular some emphasis is put on theo-
retical methods to study Rydberg states in electric fields, as these are the reservoir of
electrons that we will use. One method in particular, the local-frame transformation
method (LFT) will be explained in details and a derivation of its principal results are
given. This will be helpful to understand the results of a computer-code exploiting
this method and providing photo-absorption spectra of alkali-metal atoms. This

2this is the nickname of the regions of the Stark map where Rydberg states are completely mixed with
one another and the energy evolution of the states appears almost random.
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code is the basis of our studies about the ionisation of Rydberg states, as it gives
both the energy of these states, the relative strength of transition dipoles, and their
ionisation rate.

• In the third chapter I compare the results obtained by the LFT-code to experimental
Stark maps. The experimental set-up that I build from scratch during this thesis
is presented in details, and quantitative comparison is achieved for caesium, over
a large energy range. I find that the agreement is very good overall, and that this
method is totally adapted to the ionisation studies required to develop our electron
source.

• In the fourth chapter I deal with the realisation of a continuous beam electron source
for HREELM. I first present a description of the ionisation of Rydberg states in a
field, and show how our knowledge of Rydberg atoms can be used to minimise the
electron spread source identified at the end of chapter 1. This leads me to detail an
experimental attempt to measure the electron spread of our electron source. The
set-up was enriched with an electron spectrometer, to prove that we understand the
energy spread of the produced electron beams. Some results are obtained, that lead
me to propose two variations of a close-to-optimal continuous electron source, with
detailed simulations showing the impact of the different energy spread sources.

• In the fifth chapter, I turn to the realisation of a pulsed electron source. This starts
with a detailed proposition for a pulsed detection scheme in HREELM, down to the
detectors that we could use. This is a preliminary to the rest of the pulsed electron
source discussion because this detection scheme imposes constraints on the elec-
tron source, particularly in terms of time spread of the electron pulses. Two ways
of ionising atoms in a pulsed way are discusses: firstly it is possible to pulse the
ionising laser, and I present some experimental data acquired in Mainz and anal-
ysis. Analogously with the end of chapter 1, the sources of temporal spread in a
pulsed electron source are explicitly cited and explained. The possibility to manip-
ulate the electron bunches to improve their energy or temporal spread is studied
theoretically, with simulations and experimentally. Secondly I show that it is possi-
ble to pulse the electric field required from the ionisation process, in an innovative
(and patented) ionisation process called Rydberg pulsed-resonance field-ionisation.
I present experimental data acquired in Orsay showing that a proof-of-concept ex-
periment approaches electron pulses of temporal spread 1 ns.

This thesis is written from an instrumentalist point of view, with an emphasis on the
definition and use of concepts instead of rigorous and tedious mathematical develop-
ments, because it reflects best the work achieved and the results obtained during these 3
years at Laboratoire Aimé Cotton and elsewhere.
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Chapter 1

A new electron source for a new
instrument

Nothing tends so much to the
advancement of knowledge as the
application of a new instrument.

Humphry Davy

1.1 The HREELM project

1.1.1 Scientific context, modern analysis techniques

This section deals with the main techniques that use electrons to perform analysis of ma-
terials in bulk or of surfaces nowadays. It is not an exhaustive review but rather a rapid
overview, that will bring us to the core of this thesis, that is the HREELM project and in
particular the unique electron source that enables its realisation.

Material analysis with an electron probe is a vast scientific field, and many imaging
and spectroscopic techniques have been developed and are in daily use since the begin-
ning of the 20th century and the invention of the electron microscope[1–3], and electron
spectroscopy[4]. The applications are numerous (in physics, chemistry, biology, materials
science, geology...) and the range of different instruments based on electrons probes is
large.

The interaction of an electron probe with a sample (in bulk or a surface) depend on a
large number of parameters, the landing energy of the electron being the main one. This
interaction can be classified either as elastic, inelastic or quasi-elastic scattering, depend-
ing on the quantity of energy deposited by the electron in the sample. Elastic scattering
means that the electron does not lose any energy. Inelastic scattering concerns electrons
that lose energy to electronic excitations, electron-hole pair formation, and other process
that spans the 1 eV to 100 eV range, while quasi-inelastic scattering (also often called sim-
ply inelastic scattering) concerns other processes that lead to energy deposition less than
1 eV (e.g. phonons or magnons excitations,... ). The influence of electron energy on their
inelastic mean free-path in matter is shown on figure 1.1. This curve is called universal as
its fits well the vast majority of material sample[5]. This diversity of phenomena explains
the vast number of spectroscopic and microscopy techniques based on electron probes.
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FIGURE 1.1: Universal curve for inelastic mean free path, plotted from for-
mulas found in ref. [5]

Bulk electron microscopy: SEM, CTEM & STEM

Since the early days of quantum mechanics and the recognition that electrons can be
described as waves[6], the idea of using electrons as a probe of matter has been developed.
For non-relativistic electrons, their wavelength λ can be calculated from h the Planck
constant and p the momentum (or directly from its energy, E) as:

λ(nm) =
h
p
=

1.226√
E(eV)

(1.1)

This dependence is to be put along with the Abbe diffraction limit (d) formula for electron
microscopes(where θ is the collection angle of electrons):

d =
1.2λ

sin θ
(1.2)

Taking relativistic corrections into account, electrons at 200 keV have a wavelength of
2.5 pm, which gives (for θ ≈ 10 mrad) d ≈ 300 pm, opening up the possibility to re-
solve atomic distances. This explains the overwhelming use of electron beams in material
analysis over photons, because photons of equivalent wavelength (corresponding to X-
rays) are difficult to create, to manipulate and have orders of magnitude lower interaction
cross-sections than electrons[7]. Furthermore, the electric charge of the electron makes its
manipulation much easier, via electric or magnetic fields.

The field of electron microscopy (EM) is vast and in constant evolution. We present
here the three main techniques that use high-energy electrons to probe samples: the
scanning electron microscope (SEM), the conventional transmission electron microscope
(CTEM) and the scanning transmission electron microscope (STEM). The last two form
the field of transmission electron microscopy (TEM). The energy unit of choice in this
field is the eV because it is defined as the potential energy of an electron in an electric
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potential of 1 V. This means that when an electron is created at rest at a potential of 1 keV
and travel to a zone of null potential, its kinetic energy is equal to 1 keV. The conversion
to SI units is simple: E(J) = E(eV) ∗ e, with e the electric charge of the electron.

The three main techniques can be schematically described with figure 1.2. This figure
represents the irradiation of a sample with a focused high-energy electron beam along
with the induced phenomena, the interactions with the condensed matter and the pos-
sible electron trajectories. In SEM, a finely focused electron is moved boustrophedo-
nically1 on the surface of a sample and electrons and photons emitted from the sample
are recorded at each position. The movement of the electron probe is done via deflection
coils that are synchronised with the recording devices. The diameter of the electron beam
at the sample is usually around 1 nm and the electrons have an energy between 1 keV and
30 keV.

A variety of signals can be recorded and analysed at the same time in a SEM, as seen
in figure 1.2: Auger electrons, secondary electrons, backscattered electrons, cathodolu-
minescence, X-ray emissions, transmitted electrons and absorbed electrons. Secondary
electrons are historically defined at the electrons emitted with energies below 50 eV. This
definition is somewhat arbitrary, especially at low interaction energy. They represent the
biggest proportion of the detectable electrons (as seen on figure 1.3). These electrons come
from the material itself, so the rate of emission depends greatly on the sample properties.
Due to the high-energy needed for electrons to travel from deep inside the sample to the
surface, secondary electrons are characteristic of the surface of the sample, from 2 nm to
50 nm depending on the sample.

This means that high-spatial resolution images taken with a SEM usually are secondary-
electrons images. However, secondary electrons may come from a variety of different
phenomena, and some studies even showed that secondary electrons coming directly
from the interaction of the primary incident electron beam with the sample (called SE1
electrons) represent less than 30 % of the total detected secondary electrons[8].

Backscattered electrons are electrons from the primary incident beam that are scat-
tered multiple times by the sample, with each scattering event changing their momentum
orientation until they come out of the sample slab. A good proportion of the scattering
events can be inelastic so that the energy distribution of backscattered electrons (as seen
on figure 1.3) starts at and goes well below the primary beam energy E0. As the energy of
these electrons is significantly higher than the energy of secondary electrons, it is not easy
to remove them all from detectors. The topology of the surface sample and the relative
orientation of the sample and the detectors are thus crucial parameters of the final image,
as clearly demonstrated in figure 1.4.

Auger electrons are electrons emitted during an electronic recombination of excited
atoms in the sample. They are highly characteristic of the sample surface composition
and can serve to the identification of surface contaminant levels down to a fraction of
a monolayer, but require very-high vacuum. Different configurations of lenses and de-
tectors exists and an optimal placement of detectors has to be found for each emission.
One of the possible configuration uses only one electron detector for recording both the
secondary and the backscattered electrons. The detector is surrounded by a grid whose
potential can be positive or negative. When the grid is positively biased (300 V for exam-
ple), emitted electrons are attracted to it and the collection efficiency is high. When the
grid is negatively biased, it is used to select the energy of the detected electrons. This way,

1turning like oxen in plowing, forming a raster pattern
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FIGURE 1.2: Schematics of the different interactions and electron trajecto-
ries during the illumination of a condensed-matter sample slab with high-
energy electrons. The depth of the different interactions is not to scale and
varies rapidly with the incident energy of the electron probe. Curved black
arrows picture photon emission, green straight arrows depicts upwards elec-
tron emission, red straight arrows represents downwards electron emission.
Each type of emission comes from a different volume inside the sample, and

carries different information.
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FIGURE 1.3: Schematic energy distribution of the different emitted electrons.
E0 is the primary electron beam energy and EA is the energy of the Auger

electron.

one can chose what kind of electron signal is recorded. Two different images of the same
object in these two different settings can be seen on figure 1.4.

Cathodoluminescence is the emission of light following the recombination of electron-
hole pairs in samples with an electronic energy gap. The wavelength of this light spans
the UV-visible-infrared range, depending on the sample, and can be used to follow crystal
growth for example, along with the detection of X-rays by the sample.

The figure 1.2 features, in addition to all the different emissions already presented,
transmitted electrons. These electrons can also be used to study, image and characterise a
sample, and the instruments that are specifically constructed to do so are called Conven-
tional Transmission Electron Microscope (CTEM) and Scanning Transmission Electron
Microscope (STEM). The difference between the two kinds of transmission microscopy is
that in CTEM the sample is fixed and illuminated by a large probe and an image of the
sample is recorded by a detector larger than the probe, and in STEM the probe is focused
on a very small spot (≈ 0.1 nm) and is raster-scanned over the sample surface. These
instruments usually go to the high-end of the energy scale, with electrons energy from
30 keV to 1 MeV or even higher. The reason is easy to understand from both figure 1.1
and equation 1.1. Higher energy means a higher proportion of transmitted electrons and
a smaller focussed electron probe. Samples that are studied in transmission modes must
obviously have a small thickness, from a few nm up to a few hundred nm. Higher energy
allows thicker sample but induce more sample damage. Figure 1.2 shows that part of the
transmitted electron are scattered by the sample, and a crucial part of STEM instrument
is the detection of these electrons. STEM actually features two main modes of detection:
bright-field (BF) imaging and annular dark-field (ADF) imaging. Bright-field imaging is
performed in STEM by placing a detector in the optical axis of the electron probe. The
signal measured in bright-field configuration is coherent, which complicates the interpre-
tation of the observed contrasts. For example, in a crystalline sample where we might
expect a diffraction Bragg figure, the focusing of the electron probe actually produces
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FIGURE 1.4: SEM images of a 1 mm steel ball in two different record-
ing settings. a) Secondary electrons image b) Backscattered electrons image
(negatively-biased detector). The red arrow indicates the position of the elec-

tron detector. Reproduced from [9].

diffraction circles in a process called convergent electron beam diffraction.
Annular dark-field imaging is unique to STEM and is the most used imaging mode. It

consists in detecting the electrons on a disk far from the axis of the probe. This means that
a signal is observed only when the probe hits a highly-scattering portion of the sample.
In contrast to bright-field imaging, here the signal can be viewed as incoherent, making it
easier to interpret.

Nowadays and owing to the recent advances in aberration correction and instrument
design, STEM can be considered as the flagship of electron microscopy, with an unrivalled
spatial resolution. The resolution of TEM instruments is generally better than SEM, and
imaging atoms is now routinely achieved at high electron energies. Two of the main
directions of improvements for this technique are now the introduction of high-resolution
electron spectroscopy, and lowering the electron energy. The transmission mode indeed
allows spectroscopy to be done inside the STEM, by analysing the energy losses of the
electrons. More details on this feature can be found in section 1.1.2. Recent advances in
STEM design, aberration correction, electron beam monochromation, and in-lens sample
location now also allow atomic resolution at low landing energies (down to 40 keV[10]).
This is interesting because, as higher-energy electrons can be focused tighter, the induced
damages are also bigger, and it makes it hard to image very small (and fragile) features
in samples.

These same instrumental developments have also benefited SEM instruments, that
extend to low-energy for the same reasons. Low to very-low energy SEM has been suc-
cessfully developed over the years, characterised by landing energies below 1 keV. The
associated techniques are called Scanning Low Energy Electron Microscopy (SLEEM) or
Low Voltage Electron Microscopy (LVEM). LVEM has several advantages: higher contrast
due to an increase in cross-sections for inelastic and elastic scattering, as well as reduced
radiation damage. The trade-off between spatial resolution worsening and instrumental
improvements now allow 1.4 nm resolution at 1 kV and even 5 nm resolution at 0.1 kV[10].

The three techniques (SEM, CTEM and STEM) presented above (usually) rely on high
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energy electrons, meaning that they can be treated analytically within the first Born ap-
proximation i.e. the incident electron wave is taken as a plane wave. We will see in the
following section that when the energy of the incident electron is lowered to the eV range,
the interactions that take place change and both the simple view and the theoretical treat-
ment are different. Another major difference when lowering the incident electron energy
is that the electron probe is no longer sensitive to the bulk of the material (see figure 1.2),
but rather only to the first atomic layers, the surface of the sample. This is the realm of
low-energy electron microscopy.

Surface electron microscopy:LEEM

Low energy electron microscopy (not to be confused with LVEM2) was invented and de-
veloped in the late 1950s, and the first prototype was presented at a conference in 1962[11].
This prototype had the peculiarity of taking place in a glass chamber (see the right panel
of figure 1.5), but the technique had to wait a proper stainless steal implementation to
achieve its first images[12]. Numerous improvements and developments have since made
LEEM a central technique in surface analysis, even if the performance in terms of spatial
resolution remain inferior to the standard ones for bulk analysis[9].

LEEM allows the acquisition of images of the surface of samples thanks to a low to a
very low energy (0 eV to 100 eV) electronic probe. An electron beam is transported from
the electron source to the sample at high velocity (5 keV to 20 keV), deflected towards
the sample by a beam splitter, then enters a lens called an immersion lens where the
electrons are strongly decelerated to an energy called interaction energy. The electron
probe illuminates the surface to be imaged homogeneously, on a typical size of 50 µm×
50 µm. The interaction energy corresponds to the potential difference between the starting
potential and the sample potential, which (in normal acquisition mode) is higher (more
positive) than the starting potential of the electrons. The electrons are thus attracted to
the sample, resulting in a strong interaction with the surface.

Some of these electrons are elastically backscattered, accelerated by the immersion
lens (called "obective lens" on figure 1.5), pass back through the beam splitter and electro-
static or magnetic optics form an image of the sample on a detector. An image is typically
recorded for each value of the interaction energy.

The low velocity of the electrons means that they will interact with the electrons of
the sample much longer than in TEM. This removes the validity of the first Born approx-
imation that is used at high energies, which states that when the interaction potential is
small against the incident energy, one can model the incident wave by a plane wave. An
analysis in terms of partial waves is indeed necessary, meaning that the incident plane
wave and the outgoing scattered wave are expanded into spherical harmonics centred at
the atom. We call φl the phase difference between the partial waves. In this framework,
and considering only elastic processes, the scattering amplitude is given by[9]:

f (θ, k) =
1

2ik

∞

∑
l=0

(2l + 1) exp(2iφl − 1)Pl cos(θ) (1.3)

2LEEM is a full-field technique while LVEM is a scanning technique



8 Chapter 1. A new electron source for a new instrument

FIGURE 1.5: On the left panel is a typical design of a standard LEEM with
a 90° beam separator (a magnetic device that separates electrons going to
and coming from the sample). Electrons from electron gun to sample are in
orange, electrons from sample to detector are in blue. On the right panel
is the first prototype of a low-energy electron microscope presented in 1962

(Reproduced from [12])
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FIGURE 1.6: Intensity of electron scattering of different materials calculated
from equation 1.3. a) Angular dependence for 50 eV electrons b) Energy de-
pendence of backscattering into a 30° cone around the backward direction

(θ = 180°) (Adapted from [9]).

with k the wavenumber, θ the scattering angle and Pl are Legendre’s polynomials. Figure
1.6 shows the angular and energy dependence of the scattering intensity of electrons on
different materials.

This figure (panel a) shows that at 50 eV the scattering is dominantly backwards. Panel
b shows that the backward scattering is most important at low energy, under 50 eV, and
that there can exist a strong energy-dependence of the intensity of scattering, which ex-
plains why LEEM images are measured at different interaction energies.

When the interaction energy is set to a negative value, the electrons don’t have enough
energy to reach the surface of the sample and are mirrored away at long distance. This
imaging mode is called mirror electron microscopy (MEM).

LEEM is sensitive to local variations in surface potential, and therefore allows the
topology, composition and thickness of samples to be probed over a few nanometres[9].
Typical spatial resolutions today are 15 nm to 20 nm, with a record at 1.5 nm. However,
this record is based on aberration corrections and the configuration of the device capable
of delivering this resolution is not stable for more than a few minutes[13].

A common complementary technique to a LEEM instrument is to add an optical
source that will excite the sample and release electrons, to perform photo-emission elec-
tron microscopy (PEEM). The photo-emitted electrons can be analysed in the same way
that the reflected electrons in LEEM so the imaging optics are the same as in LEEM. PEEM
is thus useful to obtain more information on the sample but also to align the instrument
in first installations. When the light source is an X-ray emitter, this technique is called
XPEEM.
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FIGURE 1.7: a) Schematic of a simple pass HREELS instrument. Note the
symmetry of the electron monochromator and electron analyser. b) Picture
of a modern high resolution electron spectroscope featuring a double-pass

monochromator. (Reproduced from [14])
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FIGURE 1.8: Angle dependence of the intensity of H vibration modes on
a tungsten surface. The 130 meV mode is dipolar, the 80 meV mode is best

described by impact scattering. (Reproduced from [15])

High-resolution electron energy loss spectroscopy: HREELS

When low-energy electrons are scattered by a surface, they can also be scattered inelasti-
cally, i.e. by changing their energy during the interaction. The beam of electrons scattered
by the surface can then be collected by electrostatic or magnetic lenses and enter an anal-
yser, an element that will disperse the electrons according to their energy Ein (see section
1.1.3 for details on energy analysis). A position-sensitive detector (or a combination of
a simpler detector and an energy selection-slit) can then measure the remaining electron
energy Eout and one can construct the energy loss spectrum of the surface using the rela-
tion:

ELoss = Ein − Eout (1.4)

This is the operating principle of High-Resolution Electron Energy Loss Spectroscopy
(HREELS). It is a standard technique of surface analysis, developed since the late 1970s[15].
A schematic and a photograph of an actual HREELS instrument are shown on figure 1.7.
It uses energy loss to probe the surface of a sample and identify its chemical composition.
Indeed, the energy deposited by electrons at 1 eV to 10 eV is of the order of a hundred
meV and corresponds to excitations of vibration modes of adsorbed molecules or surface
phonons[14].

The inelastic interaction between the incident electron and the surface can be de-
scribed by two main mechanisms: long-distance dipole scattering, in which the electron
is represented by an oscillating field and follows dipole selection rules; and impact scat-
tering, which corresponds to a very short-range interaction and requires full quantum
processing. This phenomenon can also be called resonant scattering when the electron
remains momentarily trapped on the surface, which can change the shape, energy, and
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angular distribution of the resonances[16].
These two mechanisms coexist but have different intensities and especially different

incidence angle dependencies, which allows one or the other mechanism to be favoured
by varying the angle of incidence of the electron beam. Dipolar scattering is mainly spec-
ular, while impact scattering is almost zero in the specular direction[14]. This feature of
HREELS is visible in figure 1.8.

In addition to identifying the chemical bonds present on the surface, the dipolar se-
lection rules make it possible to determine the inclination of these bonds and thus the
adsorption geometry of the molecules surveyed. The selection rules for impact scattering
are more difficult to rationalize, however, we note that molecules diffusing strongly by
one mechanism diffuse weakly by the other. This additional angle dependence therefore
increases the analytical power of this technique, which explains why the vast majority of
spectroscopes allow the rotation of the analyser with respect to the specular direction. The
energy losses of the electron beam in contact with the surface therefore depend on: their
initial energy, the composition of the surface, the rules for selecting dipole transitions and
the angle of impact of the electrons. Modern commercial instruments are capable of spec-
tral resolutions around 1 meV with an electron beam on sample with an energy width less
than 0.5 meV[17].

1.1.2 Spectroscopy in an electron microscope

Up to now we presented ways of acquiring images of samples, or spectrum of samples, in
different instruments. An obvious direction of improvement for these kind of instruments
is to offer both microscopy and spectroscopy information about a sample. In this section
we will present the existing instrumental solutions, and show that they do not offer high
spectral and spatial resolutions for surfaces.

In the LEEM, the central design element is the beam splitter (see fig. 1.5), which mostly
consists of a magnetic prism, i.e. a set of regions with very well controlled magnetic fields
oriented perpendicular to the direction of electron propagation. Its role is to separate the
electrons going to (incident) and coming from the sample (backscattered). The deflec-
tion being due to the Lorentz force effect (~F = −e~v ∧ ~B, with ~v the electron velocity, ~B
the magnetic field), it is not the same for two electrons of different energy. This type of
prism rotates the incident beam by a certain angle (45°, 60° and 90° are the most common
values), but the exact angle of rotation is dependent on the energy of the electrons (this
principle is widely used in magnetic analysers).

This small angular dispersion at the output of the prism is generally compensated
by the optics, but can also allow to couple a spectroscopic measurement to LEEM imag-
ing. However, the typical dispersion of the prisms is about 10 µm/eV for electrons of
10 keV[18]. This is not dispersive enough to acquire images with a spectral resolution of
the order of 5 meV, which is necessary to map vibrational energy losses, that is one of the
motivations of the HREELM project.

Since the 1960s, some transmission microscopes have been able to acquire images from
electrons selected according to their energy loss within the sample[19]. In this type of ap-
paratus the spectral resolution is obtained by energy filtering, i.e. a dispersive element
is placed between the sample and the detector and a slit is used to select the electrons
having the energy at which one wants to acquire an image. This configuration is called
serial, because acquiring an image at another energy will require another measurement.
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FIGURE 1.9: Design of the SMART instrument installed at the BESSY II Syn-
chrotron. It is aberration corrected and allows high spatial resolution LEEM
and XPEEM studies, among other techniques. The sample (object) is placed
at the far left, at the focal point of the objective lens. (Reproduced from [23]).

In the parallel configuration, one removes the slit and all the electrons are detected at
the same time. The electron dispersion axis then forms the energy axis[20]. This tech-
nique is called ESI (for Electron Spectroscopic Imaging) or EFTEM (for Energy Filtering
Transmission Electron Microscopy)[21]. The great progress in aberration correction and in-
strument design has allowed scanning transmission microscopes to recently reach spectral
resolutions below 5 meV while maintaining spatial resolutions of the order of the nm[22].
However, these instruments are particularly complex and expensive, and are only sensi-
tive to the total thickness of the sample. Moreover, acquiring an energy-resolved image
here requires scanning the entire surface point by point, which can result in acquisition
times that are too long to be feasible in some applications. Finally, the high energy of
transmission microscopy electrons can degrade and damage the sample. Still, these tech-
niques represent an important benchmark for any method that aims to combine excellent
imaging and spectroscopy.

Transmission electron microscopy aside, there are other instruments that combine
electron microscopy and spectroscopic analysis, in particular with LEEM imagery. One of
these instruments is installed at the BESSY synchrotron (for X-rays studies) and is called
SMART for "Spectro-Microscopy with aberration correction for relevant techniques". It is
a versatile tool that allows, among many other techniques, to perform "energy-filtered"
LEEM. Its design can be seen in figure 1.9. For the electronic illumination it uses a stan-
dard electron gun without monochromation, meaning that the energy spread of the elec-
tron probe is larger than 0.3 eV. Furthermore, in LEEM mode and for symmetry reasons,



14 Chapter 1. A new electron source for a new instrument

FIGURE 1.10: General design of the HREELM instrument. The large red
arrow correspond to neutral Cs atoms, the blue arrow is an ionising laser that
produces the electrons, represented in red as they are travelling to the sample
and in green when they are coming from the sample to the spectrometer and

detector. Reproduced from [24].

the illumination energy has to be the same as the detected energy[23] (the energy that elec-
trons must have to be detected). This means that the LEEM image will be acquired with
only elastic electrons, but it also means that the spectroscopic analysis is limited to the
photo-emitted electrons. Hence it is not a true energy-filtered LEEM and can’t provide an
electron energy-loss spectrum.

Ultimately, and despite the strong interest and recent instrumental developments,
there is currently no technique allowing the simultaneous acquisition of high spectral
resolution energy loss spectra, imaging with very good spatial resolution and sensitive
only to the surface of a sample. HREELS and LEEM have several important instrumen-
tal similarities: the need for ultra-high vacuum, the use of a low energy electron probe,
the wide illumination of the sample and the backscattering of electrons (as opposed to a
transmission measurement). These instrumental similarities and the additional informa-
tion on a sample they are able to provide justify the ambition to combine them in a single
instrument. In a chapter of the very recent Springer Handbook of Microscopy devoted to
the implementation of electron energy loss spectroscopy in the LEEM, the author states
that[9]:

“Obviously, the LEEM instrument will not be able to match [HREELS’s] level of
technical sophistication”

The goal of the HREELM project is precisely to achieve this kind of sophistication.
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1.1.3 HREELM: a new design for a new kind of electron microscope

From this observation, as well as from the common features noted in section 1.1.2, the
idea of combining LEEM and HREELS in one instrument emerged. The HREELM collab-
oration published a proposition of the design of such an instrument. It is called HREELM
for High-Resolution Electron Energy Loss Microscope[24], and we present here its main
features. The biggest part of the electron column design was realised by Marian Mankos
and Kash Shadman from the Electron Optica company. They performed a full simula-
tion of this column[25] with electron-optical software packages developed by MEBS, Ltd.,
in particular the SOFEM program (second order finite element method field solver); the
PRISM2 program (analytical computation of optical properties and second and third or-
der aberrations of magnetic prisms); and the IMAGE program (Monte Carlo simulations
of combined lens aberrations and Coulomb effects).

The design we3 developed and published can be seen on figure 1.10, and I was partic-
ularly involved in the conception of the electron gun and the choice of the detector. This
design features an electron source, illumination optics, a beam splitter prism, objective
optics, a sample holder, as well as a spectrometer.

It is quite resemblant to a standard LEEM column, with some significant differences.
All the lenses are magnetic lenses, except for the immersion lens that is both electric and
magnetic. The major differences of this instrument with a LEEM column is the use of a
bright, highly monochromatic electron source, and the addition of a high-performance
spectrometer, which are both indispensable for high spectral resolution analysis. The
development of such an electron source is the core goal of the present thesis and is
paramount to the success of the project. Theses elements require to adapt the standard
design of a LEEM column, as we will see in section 1.1.3.

As the discussion of the instrument design and operation will involve details about
the electron optics, we introduce some elements of understanding about this subject in
the following section.

Elements of electron optics

A few basic elements of electron optics are necessary to describe the operation of the de-
vice effectively. Clearly, the undulatory character of the electron justifies the very strong
analogies existing between the field of photonic optics and electronic optics. This first do-
main was developed well before the second, which explains the massive use of the vocab-
ulary of photonic optics for electron optics ("lens", "mirror", "image", "ray", or "prism"...).
This is not limited to the vocabulary, since many concepts have an equivalent definition
in both fields. Thus, the concepts of image plane and diffraction plane are used in the
same sense in electron optics and in photonic optics: the image plane is the one-point
collection plane of electrons having the same point of creation (regardless of their initial
momentum) and the diffraction plane is the one-point collection plane of electrons hav-
ing the same initial momentum (regardless of their initial position). In an optical system,
when the detector is placed in the image plane of the sample, one acquires its real-image,
whereas a detector placed in the diffraction plane will acquire its diffraction image, or
diffractogram.

3the HREELM collaboration
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FIGURE 1.11: Ray representation of the effect of two lenses. On the top panel
two axial rays are represented, starting from the optical axis with an angle.
They cross the optical axis at the first and second image points. On the bot-
tom panel two field rays are represented, starting at a distance from optical
axis but with no angle. They cross the optical axis at the first and second
crossovers. Arrows represent real-images, lines of dots represent diffraction-

images and M is the magnification of the source.

The concept of rays is also very useful in electron optics. Figure 1.11 shows a typical
ray construction in the paraxial approximation where only two rays are sufficient to de-
scribe the positions of the image planes and diffraction planes in an electron microscope.
The paraxial approximation is valid for small angles (<10°) and small displacements from
the optical axis and consists in considering that:

sin θ ≈ θ, tan θ ≈ θ, cos θ ≈ 1

This approximation actually consists in linearising the problem, making two rays a com-
plete basis of all possible electron trajectories. These two rays are usually taken as the
field ray and the axial ray: the field ray corresponds to the trajectory of an electron with
momentum along the optical axis but having an off-axis initial position (see bottom panel
of figure 1.11), while the axial ray corresponds to the trajectory of an electron starting on
the optical axis with a momentum oriented off-axis (see top panel of figure 1.11). It is then
very simple to locate the image planes and the diffraction planes along the column: when
the field ray crosses the optical axis (a point called cross-over), it defines a diffraction
plane, while the axial ray crosses the optical axis in the image plane.

In the context of electron microscopy, it is thus essential to determine which plane will
be placed on the detector: by placing the image plane of the sample on the detector it will
be possible to acquire a real image of the sample (with a certain magnification determined
by the optics), while a detector placed in the diffraction plane of the sample will permit
the analysis of the momentum distribution of the electrons leaving the surface (this kind
of "image" is then called a diffractogram).

The lenses used to manipulate the electron beams are either electrostatic or magnetic,
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FIGURE 1.12: Design of the HREELM instrument showing its subsystems: an
electron gun, illumination optics, a beam splitter prism and objective optics,
Reproduced from [25] (bottom panel). The top panel shows a standard LEEM
design for comparison. Note the added lens before and after the magnetic

sector in the HREELM design.
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the former being typically simpler to model and design, the latter typically having better
aberration performance. An electrostatic lens is often constructed from three electrodes,
the front and back ones kept at the common ground, while the potential of the central
one is the free parameter that determines the focal length of the lens. This configuration
is called uni-potential or Einzel lens, and it has the advantage of acting as a lens without
modifying the beam energy. The shortcomings is that the magnification value of this lens
is fixed by distances between the source and the image. A complete control of focal length
and magnification without changing the electron energy requires an additional electrode
like in the zoom lens that features four electrodes.

The electrodes themselves can be flat (typically 1 mm thin) with a small hole (they are
then called aperture electrodes and the resulting lens is an aperture lens), or thick and
with a wide aperture giving cylindrical electrodes and a cylindrical lens. A rule of thumb
for the comparative properties of these lens is that the apertures lenses are very compact
and powerful (very small focal length is easily achievable), but the cylindrical ones have
less aberrations due to their smoother effect on the beam angle but can be excessively
long for some applications.

Magnetic lenses can be round, or composed of pairs of identical quadrupoles, rotated
from one another by 90°. See section 4.2.1 for details on magnetic quadrupole lenses. It is
important to note that, just as in photonic optics, when an electron beam is focused at the
center of a lens, this lens has no effect on the collimation of that beam. This principle is
widely used in instruments design and in particular in HREELM.

As we saw earlier, the prism of the LEEM is intrinsically a dispersive element. For
application in an electron microscope, the different field regions inside the prism are
therefore optimized (in terms of size, field intensity, spacing between zones) to deflect
the electron beam at a pre-determined angle, minimizing its dispersion and adapting the
lens effects to the rest of the column. The effect of an optimized magnetic prism is then
simply described by considering two distinct planes, the slit plane and the achromatic
plane (see figure 1.13). The achromatic plane corresponds to the image plane of a beam
for which the dispersion of the prism is almost zero, whereas the dispersion will be max-
imal (but low, about 10 µm/eV) for electrons whose image plane corresponds to the slit
plane. Thus to keep the real image or the diffraction image of the sample intact (free of
dispersion), it should be placed in the achromatic plane of the prism.

This short introduction of the relevant terms and concepts will now be used to describe
the working principle of the newly design HREELM instrument.

Working principle of the HREELM

In HREELM, high-resolution microscopic images are acquired at each loss-energy. This
requires that the electron probe has a zero angle of incidence on the surface, so this im-
poses a design similar to standard LEEM instruments. This resemblance is evident from
figure 1.12, where a standard LEEM optics and the HREELM optics are compared.

The measuring principle of the HREELM instrument is as follows: the electrons emit-
ted by the source are accelerated and collimated by the illumination optics in the mag-
netic prism, which deflects it by 90°. The objective optics then illuminates the sample by
placing the source diffraction image in the sample plane. The sample is placed in an im-
mersion lens that strongly decelerates the incident electrons to illuminate the sample with
low-energy electrons (0 eV to 10 eV). This type of lens is a central element of the LEEM
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technique and is designed so that the sample is placed inside the lens itself, allowing very
good collection of the scattered electrons. These backscattered electrons are re-accelerated
by the immersion lens and transported into the magnetic prism which then deflects them
towards the spectrometer. The spectrometer performs the energy analysis and an image
(real image or diffraction image, depending on the selected measuring mode) is placed
on the detector, along with an analysis of energy losses.

As we already saw, the design of HREELM has LEEM as a starting point, to which
we add a monochromatic electron source and an energy analyser, but also 3 additional
lenses: 1 illumination lens and 2 objective lenses. Indeed, in the standard operation of
a LEEM column, the objective optics (often composed of a single lens) allow only one
mode, which corresponds to placing the image of the sample in the achromatic plane
of the prism to keep the high spatial resolution of the microscope. A measurement of
the diffractogram (or diffraction image) of a sample is always possible by modifying the
post-prism optics, but the diffraction plane of the sample is then necessarily placed in the
slit plane of the magnetic prism, i.e. in the dispersive plane. This dispersion considerably
reduces the spectral resolution obtained on the diffractograms, so we had to adapt the de-
sign to circumvent this effect. Therefore, two different measurement modes are provided
in HREELM: the image mode and the diffraction mode.

In image mode, the objective lenses are optimized to place the real-image of the sam-
ple in the achromatic plane of the magnetic prism, which is the standard functioning of
LEEM.

In diffraction mode, the image of the sample is placed in the slit plane of the prism so
the diffraction image is placed in its achromatic plane, which guarantees minimal disper-
sion. These two modes are compared on figure 1.13, with the image mode on top and the
diffraction mode on bottom.

The optical simulation program that were used to optimize the column assumes a
straight optical axis so in the simulation code the achromatic plane is at the center of the
prism but in the real instrument it is located at the 45° symmetry plane (see the dotted
blue "achromatic plane" on figure 1.13). Thus the electron trajectories are depicted on
figure 1.13 in blue lines without rotation (as simulated) and with a manual 90° rotation
(corresponding to the physical behaviour).

The swap between the image mode and the diffraction mode must be achieved with-
out modifying the illuminating conditions of the sample i.e. without modifying the ob-
jective lens. This illumination is achieved by placing the diffraction image of the source in
the sample plane, because the diffraction image of the source is expected to be closer to a
top-hat distribution than the real image (probably closer to a Gaussian distribution), and
hence more uniform. Keeping this illumination the same between the two modes requires
one additional lenses between the electron source and the prism (the 2nd condenser lens
is used only in the diffraction mode), and two additional lenses between the prism and
the specimen (the diffraction lens is used only in the diffraction mode).

The diffraction lens is placed at the location of a source image with low magnification
to have no impact on the incident electrons and thus not change the sample illumination,
and send the diffraction image of the sample into the achromatic plane of the prism.

In both modes, the prism transfer the electrons into the spectrometer, that will allow
the analysis in terms of energy losses, and thus the coupling between a spectroscopic and
a microscopic measurement.
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FIGURE 1.13: Representation of the optics of the HREELM in Image mode
(top) and in Diffraction mode (bottom). Blue lines are the electron trajecto-
ries. Red (green) elements are for incident (backscattered) electrons, respec-
tively. Small coloured arrows represent real-images, coloured lines of dots
represent diffraction-images from the source or the sample, in scale with the
actual magnification throughout the column. Big coloured arrows depicts
the rotation of the beam due to the prism. Trajectories and patterns are repre-
sented with and without the rotating effect of the prism for clarity of lens roles.

Reproduced from [25].
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Energy analysis in HREELM

There are two different kinds of spectrometer that offer the high resolution and can be
coupled with our design: a time-of-flight spectrometer (TOF) or a dispersive analyser, for
an example a hemispherical analysers (HSA). Schematics of these two different energy
analysis can be seen on figure 1.14.

In a TOF spectrometer the energy analysis is performed by flying electrons at low
energy, the drift energy, in a field-free tube of length L with a precisely known starting
time (set to 0). The arrival time τ of the electron (or time-of-flight) then gives its energy
Ed via the formula:

Ed =
L2me

2τ2 (1.5)

which can be compared with the energy of electrons arriving at the sample. The difference
in energy can then be attributed to energy losses at the surface of the sample (see equation
1.4), and a spectrum of energy losses can be reconstructed. The energy resolution dE on a
time-sensitive detector with a temporal resolution of dτ is then given by:

dE
dτ

= −2

2

√
E3

d
me

 /L (1.6)

With a DLD from Surface Concepts (dτ ≈ 150 ps)[26], we can thus achieve 5 meV energy
resolution with a drift energy of 9 eV in a 1 m-long drift tube, making ToF analysis suitable
for HREELM. The spectral range4 can go easily up to 6 eV. Increasing this range would
decrease the acquisition rate (at 3 eV the electron has a ToF of 1 µs that already limits
the acquisition rate to 1 MHz), necessary to avoid bunches overlap (see figure 1.14), thus
increasing the measurement time to keep the same statistics. One could also increase the
spectral range by decreasing the energy resolution i.e. increasing the drift energy to a few
tens of eV. A detailed example of how we could implement a ToF acquisition sequence
in HREELM is presented in section 5.1.5. In that case, the electron source must be able to
produce electrons in a pulsed way, with a very low temporal dispersion (not more than
150 ps).

A parallel hemispherical analyser is composed of an entrance slit, a region of deflec-
tion and a position-sensitive detector. The incoming beam of electrons is collimated on
the slit, that selects a part of the beam, which is then deflected by a magnetic field onto
the detector. Usually the deflection is around 180° from the slit (hence the name of this
analyser). The entrance slit is useful to ensure that the electron beam’s initial size is small
in comparison with the final spot on the detector. This way we make sure that the size of
the electron spot on the detector comes from the energy spread induced by the interaction
with the sample (i.e. energy losses) and not from an initial position spread. The tempo-
ral precision that was necessary for the ToF analysis is thus translated here to a spatial
precision, because the energy scale is "projected" onto the spatial dimension and not on
time. The width of the entrance slit w actually defines the energy resolution ∆E of such
an instrument:

∆E = wE/2R (1.7)

4the size in eV of the acquired spectra
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FIGURE 1.14: Schematics of the two proposed energy measurement for
HREELM. a) TOF energy analysis, requiring a pulsed electron source and a
high-performance position-and-time-sensitive detector (PTSD), retrieves the
energy loss spectrum from time delays between electrons. Electrons in yel-
low are elastically scattered while green electrons are inelastically scattered.
b) Dispersive energy analysis requires either two position-sensitive detectors
(PSD), and two acquisition modes: spectroscopy and microscopy as repre-
sented here; or one detector and scanning the sample in one-dimension (not
represented here, see text). In the represented case, the energy loss spec-
trum is directly acquired from the electron position after deflection, which is
turned off in microscopy mode. The deflection angle represented here is 90°

but other angle are possible.
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where E is the pass energy and R is the radius of the hemisphere. A 5 meV energy reso-
lution can be obtained with an energy selecting-slit width of 200 µm, an energy of 25 eV
and a radius of 50 cm. Such a small pass energy means that a strong electrostatic de-
celeration to bring electrons from the transport energy (3 keV in the published design of
HREELM[24]) to 25 eV (ratio of 120) is necessary. As this deceleration follows Liouville’s
conservation theorem, it results in the growth of the beam dimensions and divergence.
Indeed, we have:

M
√

E sin(α) = constant (1.8)

where M is the magnification of the beam and α is the divergence semi-angle of the beam.
If the beam is kept collinear during the deceleration, this gives a beam size multiplied by
11. To minimize the current loss at the slit, the initial beam size must thus be around
50 µm at the transport energy[27]. A real advantage of this technique is that the energy
analysis can be performed continuously, and does not require a pulsed electron source.
The maximum value of the spectral range is fixed by the spectrometer geometry so the
only way to increase it without decreasing the energy resolution is to increase the physical
dimensions of the analyser (in analogy to ToF analysis where we could increase the tem-
poral dimension of the analysis with a longer drift tube or a lower drift energy), which
is not practical. As obvious from equation 1.7, we can increase the spectral resolution by
reducing the slit width. This reduces the current on the detector by a factor that can be
around 1005, so such an energy analyser requires a higher source current than the ToF
spectrometer. Furthermore, the coupling of a very small slit to an electronic microscope
column can represent a real design challenge, particularly with the strong deceleration
imposed by the low pass energy.

Finally and most importantly for HREELM, with a dispersive energy analyser the
energy scale is projected to a spatial dimension (whereas the ToF spectrometer "projects"
the energy scale on the time dimension). This is particularly problematic if we want to
acquire an image of the sample, as information about the starting point and the energy of
the electron are scrambled in one direction of space. This demands the adaptation of the
acquisition sequence:

• either we measure the image in one dimension along with the energy losses, and
scan the other dimension

• or we perform two different acquisitions, of the sample’s image and of the energy
losses, as described on figure 1.14. This demands two detectors, increases acquisi-
tion time and removes the possibility to precisely correlate the LEEM contrast with
the energy losses, forming what we call a correlated image.

The first version of this measurement scheme is favoured because it allows the acquisition
of spectroscopy enriched images (correlated images), but it introduce other experimental
difficulties as it requires scanning one dimension.

Both solutions of spectrometers are possible, and both impose strong constraints on
the electron source. In both cases the energy spread of the electron beam must be below
5 meV to achieve the expected spectral resolution. For a ToF analyser, the electron source
must provide very short electron pulses (around 150 ps). For an HSA, the electron source
must be intense, typically ten times more intense than in ToF, because of the current losses

5this values depends on a lot of experimental parameters and is to be adjusted for each measurement to
reach the desired intensity/resolution ratio
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at the entrance slit of the spectrometer. Considering that a HREELS spectrum with a de-
cent signal over noise ratio can be constructed with 1× 103 inelastic electrons and that
we want to acquire a full spectrum for each pixel of the image (say an image of 512*512
pixels, so 2.6× 105 pixels), this gives us 2.6× 108 inelastic electrons to acquire to consider
a measurement complete. This number can be multiplied by 10 to account for the elas-
tic/inelastic electrons, and by 10 again to account for the absorbed/scattered electrons
ratio. If a measurement takes 1 minute, this requires at least 70 pA of electron current. It
is thus reasonable to consider that a current of 100 pA is enough for ToF energy analysis,
and that a HSA requires around 1 nA of current.

These constraints form the basis of the research directions followed during this thesis,
to elaborate an electron source fitted for this ambitious experimental project. The de-
sign presented in this section should allow, for the first time, to acquire either low-energy
electron microscopy images or diffractograms coupled with energy loss analysis at high
spectral resolution. In addition to the obvious interest of being able to correlate spec-
troscopic and in-situ microscopy measurements, the ToF energy analysis version of this
design allows to realize an advanced function of transmission microscopy instruments,
energy-filtered imaging, without the usually associated instrumental heaviness (see sec-
tion 1.1.2). In fact, in a single acquisition, a spectroscopic-rich image is recovered, which
can be transformed into energy-filtered imagery by post-acquisition processing. This spe-
cial feature of ToF energy analysis (not present in one version of the HSA energy analysis
because of the sequential acquisition of spectroscopy and microscopy, but still possible at
the cost of scanning one dimension of the sample) makes it the preferred energy analysis
for HREELM, but the associated additional requirements on the electron source should
incite us to keep both solutions in mind. At the core of this instrument in the electron
source. In the next section we present existing sources in microscopy and spectroscopy,
and explain why these are not adapted to HREELM.
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Section summary
The HREELM project

This section was the occasion to present the HREELM project in the context of elec-
tron microscopy, that has the ambition to construct a novel instrument for surface
sciences enabling high-resolution imaging similar to LEEM combined with high-
resolution energy-loss spectroscopy (HREELS). This would be the reunion of two
well established technique into a unique instrument, that would provide simulta-
neous, in-situ chemical analysis and electronic imagery. Some very-high-end elec-
tron microscopes already allow electron energy loss spectroscopy, but mostly with
poor energy resolution (at the exception of one kind of instrument of the Nion
company[28,29]). Furthermore, these electron microscopes use high-energy elec-
trons, in transmission mode.
HREELM would on the other hand allow simultaneously surface microscopy and
spectroscopy, with very-low energy electrons. The applications would be numer-
ous, both fundamental as a way to relate the formation of contrast in LEEM with
chemical structure; and very applicative as a high-performance material analysis
for biology, chemistry, physics or geology, for example.
The electron column design is realised and published, based on a standard LEEM
design with some modifications: the addition of pre- and post-prism lenses, to al-
low two different acquisition modes: the image mode and the diffraction mode.
Some design choices still need to be made, especially for the energy analysis. We
have two possibilities: continuous energy analysis, or pulsed energy analysis; both
with advantages and drawbacks, but this choice will have a strong influence on
the rest of the design and particularly on the electron source, at the heart of this
instrument. In particular ToF-energy analysis is more ambitious in terms of final
instrumental feature, but is also more demanding on the electron source because
of the required temporal precision. The requirements for the electron source are
summed-up in the following table:

Spectrometer ToF HSA
Source Pulsed Continuous

Flux 10 pA to 100 pA > 1 nA
Energy spread . 5 meV . 5 meV

Temporal spread . 150 ps · · ·
Minimal spot size · · · . 50 µm

Brightness (at 100 keV)a 1.4× 104 A cm−2 sr−1 1.4× 104 A cm−2 sr−1

asee next section for the detail of the estimation

1.2 Electron sources in microscopy and spectroscopy

An indispensable part of any electron microscope is obviously the electron source. The
scientific and technological fields using electrons as tools for analysis or modification
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of matter being plethoric, there are a large number of different types of sources, with
varied properties. We present here the electron sources usual in electron microscopy, their
principle of operation and their characteristics, to conclude as to the possibility of using
them in the context of the HREELM project with the help of the requirements summed-up
at the end of last section. An important distinction is to be made between electron sources
and electron guns. We define the electron source as the material providing the electrons
as well as the ionisation process that extract the electrons from the material. The electron
gun is a crucial part of any electron microscope, and is composed of the electron source,
plus the electrodes that allow the coupling between the source and the rest of the column.
For example, in PEEM the sample can be considered as an electron source, but not an
electron gun. The following section is devoted to the analysis of electron sources, but we
should keep in mind that the final properties of the electron beam that is effectively used
in instruments also strongly depends on the properties of the electron gun.

1.2.1 Key concepts for performance evaluation

A preliminary to the presentation of the usual sources in electron microscopy is the defini-
tion of the important quantities to be evaluated. To effectively describe the performance
of an electron source, we analyse the characteristics of the electron beam that we can
extract from it with several concepts: the emitted current I, the energy spread ∆E, the
transverse emittance ε, the brightness β and the reduced brightness βred.

These concepts can have different definitions and uses among the different fields in
which they are used, so we must cautiously compare different sources. We thus provide
general definitions of these concepts for coherence and ease of understanding but they
may be unsatisfactory for some readers. An effective analogy here is the concept of the
size of the beam, that can have various definition (its FWHM, the size that encloses 90%
of the beam, its waist...), depending on the application and the context.

The emitted current is defined as the electron flux in the beam, often expressed in pA,
nA or µA. The energy spread of the source is defined as the full width at half maximum
(FWHM) of the total electron energy histogram, expressed in eV or meV. The emittance
of a beam is a measure of the average spread in particle positions and momenta i.e. the
phase-space volume of the particle ensemble. The emittance of a beam can be decom-
posed in the transverse emittance and the longitudinal emittance, considering the axis of
the electron beam. It is tightly linked to the concept of luminosity in accelerator physics.

The transverse emittance εT then corresponds to the effective volume of transverse
phase space occupied by the electrons in the beam:

εT = AΩ (1.9)

with A = ∆x∆y the beam cross-section (∆x and ∆y are spatial extension of the beam in
the two transverse directions) and Ω = ∆x′∆y′ the transverse speed dispersion (with ∆x′

and ∆y′ the velocity component of the beam in the two transverse directions). For the
brightness β (often expressed in A cm−2 sr−1) we adopt the convenient definition:

β =
I

AΩ
=

I
εT

(1.10)



1.2. Electron sources in microscopy and spectroscopy 27

Conceptually it represents the density of electrons in phase-space. This quantity is in-
teresting because, at constant beam energy6 and under geometrical optical conditions (i.e.
without diffraction, inter-particle interactions and under the paraxial approximation) it is
preserved at any plane in an electron microscope column[9]. It is a direct consequence of
Liouville’s theorem, that states that the phase-space volume is conserved under Hamilto-
nian evolution (with independent particles).

This conservation property makes it possible, based on knowledge of the area of inter-
action with the sample, the maximum angle of incidence (defined by the spherical aberra-
tions of the column and constrained by apertures) and the current required to acquire an
image in a reasonable time, to define a minimum brightness of the electron source to be
used. Thus, microscopy techniques (such as scanning transmission electron microscopy)
based on an electron probe focused on 0.1 nm, with an angle limit of 10 mrad (limited by
spherical aberrations in the column) and a minimum current of 25 pA require a brightness
of about 1× 109 A cm−2 sr−1[9].

Since LEEM is a wide illumination technique (the electron probe is typically colli-
mated on 10 µm to 100 µm), the required brightness for HREELM is lower than for STEM.
However the illumination of the sample must be achieved by a near collimated beam,
so the maximum acceptable divergence angle is lower than in STEM. Simulations from
the Electron Optica company show that in the published HREELM prototype design, a
beam with diameter d = 100 µm with a divergence semi-angle of α = 0.58 mrad (1 meV in
the transverse direction at longitudinal energy of 3 keV) allows a 10 nm resolution with a
field-of-view of 100 µm[25], so we can consider that α = 0.1 mrad and d = 50 µm for safety.
The required brightness (with 1 nA) at 3 keV is 4× 102 A/cm2/sr. Using the conservation
of the reduced brightness (see footnote 6), the required brightness is thus:

β100 keV =
100
3

β3 keV = 1.35× 104 A/cm2/sr (1.11)

In the following we will see that this value is well in reach for common sources in mi-
croscopy.

1.2.2 Standard sources in microscopy and spectroscopy

Thermoionic sources

The most classic type of electron source is the thermoionic source. In these sources a
material (typically a Tungsten tip, or a single crystal of LaB6 or CeB6) is heated to a high
temperature (about 1800 K or even higher)[31], which greatly reduces the work-function of
the materials. At these temperatures, the conduction electrons in the material (called the
cathode) have enough kinetic energy to overcome the barrier of ionisation. As detailed
on figure 1.15, an electric field is usually applied to the sample by keeping the anode at
a positive potential, to extract the already formed electrons but has little influence on the
emission efficiency. This means that to control the current emitted by the source, one must
change the temperature of the emitting material, which can take a long time.

6 when the electron energy E changes along the column, it is advisable to introduce the reduced bright-
ness βred as βred = β/E. This new quantity (also conserved under geometric optical conditions) is more
adequate when an electron beam is accelerated or decelerated along the column (like in LEEM).
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FIGURE 1.15: Thermoionic source in the triode configuration. The cathode
thermally emits electrons, the wehnelt defines the zero-line, controls the cur-
rent and focuses the electrons before the anode, that applies the electric field

necessary to extract the electrons to the column. (Reproduced from [30])

This is the reason why these emitters are used in a triode configuration, as depicted on
figure 1.15. In this configuration, a third electrode is added between the cathode and the
anode, and is called the wehnelt. The wehnelt is kept at a negative potential and regulates
the emitted current by shifting the zero-volt line on the cathode, without changing the
temperature of the cathode or the potential of the anode. Another effect of the wehnelt is
to strongly focus the electrons at the anode so that they don’t hit it. One can use a single
crystal (faces 〈111〉 or 〈310〉) in order to favour the emission from one of the faces and thus
improve the directionality of the source and its brightness. This kind of source is rather
robust and only needs a secondary vacuum to work, but is not very bright (see the table
1.1 for a quantitative comparison between all common sources in electron microscopy).

Field-assisted sources

Field-assisted sources use tunnelling to extract electrons from a very sharp tip. A very
strong electric field (about 1× 109 V/m) is applied to the tip of a specific material (see
figure 1.16) to lower its potential barrier, and electrons can then escape in vacuum by tun-
nelling. The field is adjusted so that the barrier is lowered sufficiently (allowing electrons
to tunnel into the vacuum) only in a very small solid angle. Thus the emission is very
localized (at the tip, over a diameter of a few hundred nanometres), and very directional
(a few degrees of solid angles), which makes it a very bright source. The temperature of
the cathode material depends on the expected performance of the source, and can vary
from 300 K to 1800 K[31]. The higher the temperature, the higher the emission current
but also the higher the energy spread of the electron beam. When the emitter is heated
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FIGURE 1.16: Electron microscope image of a ZrO/W tip showing the ZrO2
reservoir. This constitutes the cathode in Schottky-type electron guns. (Re-

produced from [31])

and in a strong field, the emission process is then a complex combination between ther-
moionic and field-assisted emission, also called the Schottky effect. This effect is present
in a lot of materials, but the most common implementation of this type of source, some-
times simply called the Schottky source, is where the emitting material is a complex of
ZrO on the surface of a Tungsten (W) tip, which is heated to high-temperatures, under
a moderate electric field. This emitting layer is rapidly degraded by electron emission,
and the quality of the emission is highly dependant on the quality of the oxide layer. This
requires heating the tip, so that the emitting layer reconstitutes itself from a reservoir of
ZrO2, which diffuses on the surface of the tip. The sensitivity of the emission quality to
the surface state of the tip thus requires a very good vacuum and a very regular thermal
cleaning ("flash").

Performances of different types of electron sources used in electron microscopy are
gathered in the table 1.1. The cold-field electron guns (CFEG) (with a cathode at 300 K)
notably produce electron beams with the smallest energy spread, down to 0.25 eV. This
value is however much higher than the spectral resolutions routinely achieved in electron
spectroscopy, as discussed previously (on the order of 5 meV, even less than 0.5 meV for
the record values[32]). This means that in order to obtain meaningful results in terms of
spectroscopy, the electron source must be monochromated.

The scientific field of field-assisted emitters is still very active and recent progress has
shown that new kinds of materials can also achieve very good properties in an electron
source. For example, carbon nanotubes[33], carbon cone nanotips[34], and graphene[35]

have shown very promising brightness values, but are still in the development phase,
and the available data shows no improvement in terms of energy spread in comparison
to the state-of-the-art CFEG.

On the contrary, some other tip-based electron sources showed very low energy spread,
but lack stability and reliability. For example an electron source using a 80 K single Pt
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``````````````̀Sources
Properties Thermoionic Thermoionic Schottky CFEG TPES For

(W) (LaB6) (ZrO on W) (W) (see caption) HREELM
Brightness β

105 106 107 − 108 109 3× 102
7

1.4× 104
at 100 keV (A cm−2 sr−1)

Energy spread 800 600 600 250 2-10 . 5∆E (meV)
Vacuum

10−3 10−4 10−7 1× 10−8 1× 10−7 <10−6
(Pa)

Current 100 50 80 10 10−6 − 10−4 1× 10−3
(µA)

Lifetime 80 h 1000 h > 1 year > 1 year > 1 year > 1 year
Apparent diameter 30 10 0.05 0.005 50-200 ≤ 100(µm)

TABLE 1.1: Typical performances of electron sources used in electron mi-
croscopy, along with the requirements for HREELM. The brightness is given
at 100 keV because it is the standard value in EM, but HREELM operates
around 3 keV, mainly due to the availability of cheap voltage supplies with
mV stability. Sources from the photoionisation of atoms (TPES for threshold-
photoionisation electron sources) are introduced in section 1.3.1 but shown

here for comparison.

atom as an emitter has shown an energy spread of 64 meV with indications that fur-
ther cooling down to liquid helium temperature would give around 20 meV of energy
spread[36]. Negative electron affinity photocathodes also showed energy spread around
50 meV[37] at room temperature, and about 10 meV at cryogenic temperatures[38], but
none of these two techniques are sufficiently mature to be used in microscopy, despite
their very good energy spread performances.

Monochromators

From the list of available electron sources in microscopy, and their energy spread (see
table 1.1), it appears that spectroscopy with electrons is condemned to poor spectral reso-
lution, around 0.2 eV at best. In this section we will see how it is possible to improve this
number by several orders of magnitude.

The key to obtaining spectroscopically usable electron beams (i.e. with an energy
spread less than the typical line widths of interest) is the monochromator. This type of
apparatus selects electrons with a well-defined energy and filters all electrons whose en-
ergy do not fit in its bandwidth. In a monochromator, a dispersive element will transform
the energy spread of an electron beam in spatial dispersion. A slit is then used to select the
part of the beam with the chosen energy. There are different types of dispersive elements
that can play this role (see figure 1.17), such as:

• magnetic sectors

• electrostatic or magnetic deflectors (alpha or omega filters)

• Wien filters

A Wien filter is a zone in space in which an electric field F and a magnetic field B are
arranged perpendicularly so as to disturb the trajectories of the electrons according to
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FIGURE 1.17: Four different implementations of monochromators in com-
mercial electron microscopy columns. Trajectories of electrons with different
energies are represented in different colors. a) Single Wien filter (FEI) b) Dou-
ble Wien filter (JEOL) c) Electrostatic Omega filter (Libra Zeiss) d) Magnetic

Alpha filter (NION). (Reproduced from[9])

their energy (and therefore their axial speed v). The total force can be written as FWien =
e(F + vB). By fine-tuning the field amplitudes, it is possible to let a certain electron veloc-
ity v0 unperturbed by the fields, i.e. FWien = e(F0 + v0B0) ' 0. This means that the action
of the electric field (independent of the axial speed of the electron) perfectly compensates
for the action of the magnetic field (which is proportional to the speed of the electron)
only for the electrons with velocity v0. Other electrons with different energies spiral one
way or another and the amplitude of this movement can be traced back to the initial axial
kinetic energy.

Monochromators are indispensable for any application of electron spectroscopy and
have been present in these instruments since the 1960s[39], usually both before and after
the sample. They are then called monochromator and analyser, respectively (see figure
1.7), but are the same instruments. For very high resolution measurements, a second
monochromator can be added, allowing measured resolutions better than 1 meV[20]. As
presented in section 1.1.2, state of the art electron microscopes also implement monochro-
mators, in various forms (see figure 1.17). The particularity of monochromators used in
microscopy is that they retain the column’s axiality (for mechanical stability reasons, since
an axial column is less sensitive to vibrations than a right-angle column).

These instruments have spectral resolutions on the order of 20 meV to 100 meV[40–43],
with the exception of the instrument manufactured by the company Nion, which reaches
spectral resolutions better than 5 meV at 30 keV[29]. This is made possible by placing the
monochromator and the analyser in series on the same power supply, and measuring the
current on both sides of the energy selection slot. Thus, no matter what energy is selected
by the monochromator, it will not change the position of the spectrum on the detector[22].
Furthermore, measuring the current on the slit allows to retro-act on the high voltage
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FIGURE 1.18: Simulations on the effect of the energy spread of the elec-
tron probe on the achievable spatial resolution in function of the electron
potential. a) Lowest energy spread for 0.05 nm, 0.1 nm, 0.14 nm and 0.2 nm
resolutions, in function of the acceleration voltage. b) Simulated images of
graphene at 15 kV with the four values of energy spread indicated by orange
dots on the a) curve, clearly showing the detrimental effect of energy spread

on the image resolution. (Reproduced from [45])

power supply in order to keep the center of the beam in the center of the slit and thus
keep a high current with a very good spectral resolution. The monochromator allowing
this resolution is in "alpha"8 configuration (see figure 1.17 d)), which has the particularity
of having the energy selection slit in the middle of the electron path, the other half of the
monochromator simply serving to cancel the dispersion induced by the first half[44]. This
configuration is essential to maintain the brilliance of the source in the rest of the device.

The very low energy spread of the electron probe is essential for the spectroscopic
resolution, but also for imaging properties. This is due to the presence of chromatic aber-
rations in the column, that lead to different focus to electrons with a different energy. A
recent study has proven that a monochromated electron source is essential in a STEM to
lower its working potential down to 15 kV while keeping atomic resolution. In particular,
simulations with a reasonable amount of chromatic aberrations (see figure 1.18) show that
the best electron sources used in microscopy are unable to provide an electron beam with
a sufficiently low energy spread to perform low-energy electron microscopy at atomic
resolution[45]. This lead to a very promising use of monochromatic electrons sources, be-
cause high-potential electron microscopes suffer from electron-induced sample damage,
due to knock-on displacement i.e. crystalline defect induced by high-energy electrons.
As an illustration, the very recent obtained atomic resolution in cryo-EM is also due to
a lower electron energy spread than before (0.3 eV instead of 0.7 eV)[46] and even lower
energy spread would surely benefit the technique even further.

Monochromators are therefore an essential part of electron spectroscopy and an in-
creasingly essential one of modern electron microscopes, allowing impressive perfor-
mances to be achieved. It is to note that in a microscopy application, monochromators

8this names comes from the shape of the monochromator, resembling the Greek letter α
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have the disadvantage of transforming an important part of the longitudinal emittance
i.e. the momentum dispersion in the optical axis of the beam into transverse emittance,
which decreases its brightness. Furthermore, the flux reduction inherent to the operation
of monochromators (they do not reduce the dispersion of electrons in the beam, but filter
out a large part of it) may also be too large to obtain reasonable acquisition times.

All this makes the motivation for the development of other types of electron sources,
which should be intrinsically monochromatic, rather strong. Indeed, the instrumental
heaviness and the cost of these instruments make Egerton[20] say in his 2011 book:

“Instead of a monochromator, it would be attractive to have a high-brightness elec-
tron source with low-energy width”

In particular, the success of the HREELM project strongly depends on a new, monochro-
matic and bright electron source. The ambition being to surpass state-of-the-art mi-
croscopy sources by two orders of magnitude (in terms of energy spread), such a goal
can be achieved only by drastically changing the approach to electron production.

Section summary
Electron sources in microscopy and spectroscopy

In this section I have reviewed the existing sources in electron microscopy and spec-
troscopy. These electrons sources are not adapted to the construction of HREELM,
mainly due to their high energy spread. It is possible to reduce this energy
spread with monochromators, as is done in HREELS, but the imaging conditions of
HREELM makes this solution not usable in our case. More elaborate implementa-
tion of electron beam monochromation is possible and used in a few state-of-the-art
microscopes, but they are extremely expensive and technologically really involved.
The cause of the large energy spread in existing electron sources is the material
source from which these electrons are extracted: macroscopic materials, involv-
ing very-high electric fields, introducing irreversible energy spread at the emission
point of these electrons sources. This analysis clearly indicate that we should look
elsewhere to find an appropriate electron source.

1.3 Electron sources from the ionisation of atoms

An inspiration for a new approach to electron sources can be found in electron attachment
spectroscopy. Indeed this spectroscopy probes the energy levels of free molecules, so it
requires at least equal precision on the energy of the electrons[47]. As most of the molecu-
lar lines probed by electron impact have an intrinsic width on the order of the meV, this
spectroscopy requires an electron source with very low energy spread[48].

The electron sources developed for this application differ greatly in principle from the
sources seen above. They originate from atomic physics (as opposed to the condensed
matter physics of filaments and nano-tips) and are based on laser or synchrotron radiation
ionization of effusive or laser-cooled atoms. Since the material from which the electrons
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are extracted is much simpler (a free atom compared to a macroscopic solid), this allows
a very advanced control of the ionization process, and thus a very good control of the
characteristics that directly result from this process. In particular the ionisation process is
a crucial aspect of these sources, which can involve highly-excited states of the atoms, i.e.
Rydberg states (details on Rydberg states can be found in section 2.1). The atoms that are
used in these electron sources are usually alkali metals, alkaline-earth atoms, or rare-gas
atoms.

1.3.1 Low energy spread photoionisation electron sources

While the most important property for the sources used in electron microscopy is the
brightness of the source, in gas phase electron spectroscopy the electron sources are fully
optimised to produce electrons with the lowest possible energy spread9.

In these sources the electrons are created from the photoionisation of free flying atoms,
either in an atomic beam or in a vapour. As can be seen on figure 1.19, depending on
the particular kind of electron spectroscopy (either electron attachment spectroscopy or
electron scattering studies) the experiments have typically two different configurations:
for laser photoelectron attachment (LPA) studies the electrons are produced directly in
the vicinity of a sample beam (the target), while for scattering studies they are ionised in
a separate chamber, formed into a beam, and collide with the sample in another chamber.
This last configuration can thus be described as having an electron source coupled to an
analysis chamber.

The pioneer electron source of this kind was developed in 1974 and provided less
than 1 pA of usable electron beam, with an energy width of 6 meV[50]. Several years af-
terwards an improved version of the set-up showed a current of 2 pA with an energy
width of 5 meV[53]. Since then a lot of set-ups were built according to this principle[51],
the best reported properties being a current of 50 pA − 90 pA with an energy width of
4.5 meV[54]10. To achieve these performances, it is essential to identify and evaluate all
the phenomena at the origin of the energy spread of the electrons (see section 1.4).

The properties of these sources are rarely described in terms of brightness, because it
is not an important quantity in spectroscopy. Using the reported values of Ref. [54] for the
beam diameter, maximum current and electron velocity (less than 0.1 meV excess energy
isotropically distributed[54]), I can estimate the brightness of these sources from equation
1.10:

β =
I

AΩ
=

90 pA(
π×120 µm2

4

)
(πα2)

(1.12)

with α the semi-angle, that can be approximated in the case of an acceleration to 100 keV

(for the purpose of the comparison with other sources) by α =
√

0.1 meV
100 keV = 0.03 mrad.

9other fields might have other constraints as, for example, low-energy electron diffraction studies focus
on electron sources with the shortest possible electron pulses with the highest temporal coherence[49]

10The lowest reported values of energy spread (as low as 20 µeV with a current below 0.05 pA[55]) come
from LPA set-ups and can’t be directly compared with the formation of an electron beam. These experi-
ments sometimes also show higher currents, up to 200 pA[56], with less energy spread than in scattering
experiments. This can be explained by the fact that ionic space-charge have a lower detrimental effect in
LPA than in scattering studies.
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FIGURE 1.19: Examples of the set-ups of four electronic gas-phase spec-
troscopy experiments. Electrons are created directly in contact with the tar-
get in a) and d) to perform attachment studies, while electron beams are di-
rected to a reaction chamber in b) and c) to conduct electron scattering stud-
ies. Photo-ionisation is done by a laser in a), b), d) and by XUV radiation in
c). The source of electrons is: a) a metastable argon beam. (Reproduced from
[48]); b) a Ba beam ([50]); c) an argon vapour ([51]); d) a potassium beam

([52])
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This gives:
β100 keV ≈ 3× 102 A/cm2/sr (1.13)

which is very modest, and between one or two orders of magnitude too small for HREELM
(see table 1.1.3).

1.3.2 Precision spectroscopy with electrons

I finish this overview of electron sources with the presentation of precision spectroscopy
involving electron beam with a low to very low energy spread. They are not stricto sensu
electron sources but nevertheless provide good insight into controlled ionisation.

Spectroscopy of atoms or small molecules can be done simply by scanning the wave-
length of a laser and analysing the energy of the electrons produced when the laser inter-
acts with a stream of atoms or molecules. When the wavelength of the laser (or other light
source) corresponds to an energy at least higher than the ionization energy of the system
under study, there is a certain probability that a photon absorption leads to an electron
being released and detected. The ejected electron then carries the spectroscopic informa-
tion of the ionised system. The basic equation of this technique is the conservation of
energy applied to the ionization process by an above-threshold laser:

Eion = hν− IE− Eel (1.14)

Where Eion is the internal energy of the created ion, hν is the energy of the incident photon,
IE is the ionisation energy of the neutral particle and Eel is the kinetic energy of the photo-
electron. When the energy of the ionizing radiation hν is very close to the ionization
threshold of the system, it is called threshold photo-electron spectroscopy (TPES).

The spectroscopic resolution of these techniques therefore depends directly on the
ability to accurately analyse the energy of the emitted electrons Eel, but also on the ini-
tial dispersion of these electrons ∆Eel. This is why many efforts have been made in this
field to minimize as much as possible the energy dispersion of the electrons created by the
photo-ionization of atoms or molecules in a jet. These efforts have led in part to the Pulsed
Field Ionization-Zero Electron Kinetic Energy spectroscopy (PFI-ZEKE) in which the mea-
surement makes clever use of electric field pulses and delays to reduce the initial energy
spread of the electrons and thus improve the spectral resolution. This spectroscopy is
based on the fact that, below the threshold, it is possible to excite Rydberg atoms, that
will ionize with virtually no kinetic energy transfer to the electron. By delaying the ex-
traction of the electrons, we let the fastest electrons (the ones that acquired some kinetic
energy) travel freely and crash onto the walls of the chamber, and then extract only the
ones with zero kinetic energy.

These experiments have thus shown that one way to reduce the energy spread of the
electrons is, instead of using a light source with an energy above the threshold (as in stan-
dard photo-ionization), to identify and excite an unstable Rydberg state. In an electron
source perspective, this means that the ionization of a Rydberg atom can be done with
Eel ' 0, i.e. near-zero energy spread for the emitted electrons. This would also mean,
naively, a near-zero emittance (because of the near-zero momenta of the electrons) and
thus high brightness (see equation 1.10). More details on the directionality of the photo-
electron can be found in section 4.1.2.
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Section summary
Electron sources from the ionisation of atoms

In this section we have seen that, in contrast with usual electron sources for electron
microscopy, there exists electron sources that provide electron beams with small
enough energy spread for an application in HREELM. These sources use atomic
beams or vapours as electron reservoirs, and extract them with photo-ionisation
under very low extracting fields. Under the right circumstances this can create elec-
trons with very low energy spread (1 meV or even better for electron attachments
experiments where the electrons are created directly in contact with the target[48,55],
and around 2 meV to 5 meV for electron beams formed by these sources for scat-
tering experiments[54,57]), but usually with lower current (200 pA at best[56]) and
brightness than what is required for HREELM.

1.4 Where does the electron energy spread come from?

These last examples of electron sources have shown that it is possible to produce electron
beam with very low energy spread ∆E. The requirement for that is of course to correctly
identify, and then cancel the possible sources of energy spread. This is what I do in this
section. I identify five main sources of energy spread within an electron source from
atoms:

1. The kinetic energy acquired by the electrons during the ionization process

2. The difference in electrical potential along the ionization zone

3. The initial velocity (temperature) dispersion of the atoms to be ionized

4. The interaction between electrons

5. The "parasitic" effects

Each point is developed in the following, from their origin, to the estimated impact of the
energy spread, and possible solutions.

1.4.1 Ionisation process

Origin

This first point has already been mentioned in the context of photoelectron spectroscopy
(see section 1.3.2). In photo-ionisation, the electron acquires energy from the ionising
radiation. The difference between the energy of the ionizing photon and the ionization
threshold is redistributed between the ion and the electron according to the mass ratios
(1.8× 103 for hydrogen and 2.42× 105 for caesium). As the ionisation radiation can have
a non-negligible linewidth, this gives different energy to different electrons. Furthermore,
the energy is distributed in different directions. In photoionisation, the polarization of the
incident radiation then plays an important role in the electron initial momentum.
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Solution

A simple solution to minimize this term in the case of photoionization is to tune the
ionizing wavelength exactly to the ionization threshold, to minimize the excess energy.
We have seen also that it is possible to excite Rydberg states which then ionize with zero
kinetic energy of the electron. We present experimental results supporting these consider-
ations in section 5.2. Using another experimental set-up, allowing indirect measurement
of the release energy of the electron during photoionisation, we confirmed that some
Stark-shifted Rydberg states release their electrons with undetectable kick-energy (with a
detection limit at 1 meV)[58].

More details on these processes (photoionisation and Rydberg ionisation) can be found
in section 4.1.1.

1.4.2 Potential difference across the ionisation zone

The difference in electric potential across the ionisation volume is usually the main source
of energy spread in electron sources. This actually is composed of two terms: the effect
of the extracting field, and the potential induced by the ions created during the ionisa-
tion. These two effects are very different but directly influence the electric potential in
the ionisation zone, which motivates that they are grouped under the same global effect.
As the electric potential is changed in space, and that the ionization zone always has a
certain spatial extent (for example a sphere of diameter ∆z), this creates energy spread as
the electron are extracted.

Extracting field - Origin

The first term comes from the presence of an electric field (along z) ~F, that induces an
electric potential difference for two electrons located on both sides of the ionization zone.
These two electrons then have a difference in energy ∆E of:

∆E = ‖~F‖∆z (1.15)

Extracting field - Solution

The solution to reduce this energy spread is therefore either to reduce the size of the ion-
ization zone ∆z or to reduce the field F. Decreasing the size of the zone requires focusing
the laser or ionizing light source, which is usually done down to 10 µm to 100 µm but not
below, to maintain sufficient current. The value of the extracting electric field is therefore
the main parameter determining the energy spread of the electrons, and typical very low
values of 1 V/m to 10 V/m are used in practice[50,51,59,60]. Using equation 1.15 we can
estimate that in these conditions:

∆E = 100 µm ∗ 1 V/m = 0.1 meV (1.16)

However, using very low extracting field will lead to a positive charge accumulation
in the ionisation region. Indeed, the electrons will be extracted in a few ns (under 1 V/cm
they are 220 µm away from their starting point after 50 ns), while the ions (particularly
caesium ions) will need 25 µs to reach the same distance from the origin.
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FIGURE 1.20: a) Electric potential at a distance z from the origin due to a
charged solid sphere of radius R = 50 µm (solid line), with five different
charge densities ρ corresponding to five different durations of charge accu-
mulation (1 µs in pink, 750 ns in green, 500 ns in blue, 300 ns in red and 100 ns
in black) at a current of 100 pA. In dashed line is the sum of this potential
with the potential gradient (i.e. extracted electric field) of 1 V/cm b) Same

but with R = 10 µm (solid line) and F = 10 V/cm.

Ionic space-charge - Origin

The production of ions concomitant to the production of electrons (as well as the inertia
of the ions with respect to the electrons) leads to an accumulation of positive charges in
the ionization zone, with the volumetric charge density ρ. This accumulation leads to an
additional electric potential difference as a function of time and position, that is called
ionic space-charge.

A first approach for the evaluation of this effect is to consider standing charges form-
ing a sphere around the origin. This would correspond to a photo-ionisation source with
a very-low extracting field and cold atoms with no initial velocity, such that the formed
ions stay in the ionisation region. The electric potential at distance r from the origin in a
solid sphere of radius R of continuous charge density has the expression:

Vr<R
R (r) =

ρ

2ε0

(
R2 − r2

3

)
(1.17)

and outside the sphere the potential is:

Vr>R
R (r) =

ρR3

3ε0r
(1.18)

and is plotted against r with R = 50 µm on figure 1.20 (a) (solid lines) and with R = 10 µm
on panel b)(solid lines), with five different values of ρ corresponding to five different
charge accumulation time. The current is chosen to be 100 pA, so 1 µs accumulation
means 625 ions, 500 ns is around 312 ions and 100 ns accumulation amounts to 62.5 ions
on average. It is clear that the influence of these ions is not negligible at the level of en-
ergy spread that we want, with potential shifts around 10 mV already after only 500 ns.
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The plot with R = 10 µm clearly puts a lower limit on the ionisation zone, to limit the
detrimental energy spread due to ionic space-charge. To limit this influence to 5 meV
in a sphere of radius 30 µm, this gives a maximum ionic charge of Q = 3.34× 10−17 C,
corresponding to 208 ions. At a current of 100 pA, this number of ions is produced in
334 ns. Thus the low energy spread requirement induces a limit to the number of ions
that can accumulate in the ionisation region, that is reached quite rapidly under normal
circumstances.

To go further in the analysis, it is important to consider the geometry of ionisation
i.e. the relative orientation of the atomic beam, the laser beams and the extracting field.
Indeed in this case the sphere of radius will gradually evolve into a cylinder starting from
the ionisation zone and towards the direction imposed by the atomic initial velocity and
by the extracting field. In terms of geometry there are roughly two possibilities (neutral
beam can be either perpendicular or parallel to the ionisation axis) but most published
electron source adopted a perpendicular orientation[50,60,61] (see figure 1.19). This per-
pendicular arrangement has the advantage of minimising pollution by the neutral beam
of the rest of the experiment. The other way to arrange beams, where the neutral beam
is along the electron propagation axis (z axis), features an ion-induced potential differ-
ence along the principal component of the electric field. Detailed simulations involving
the influence of ionic space-charge in both configurations show that (see section 4.4) the
increase in energy spread is comparable in both cases (without compensation).

In an orthogonal set-up, Monte-Carlo simulations have given the relation (with ∆E
the FWHM of the electron energy distribution):

∆E ≈ 15.6 µeV/pA (1.19)

for uncompensated ionic space charge effect[61].
Clearly, if we want to provide an electron beam of 1 nA with ∆E < 5 meV, something

must be done to prevent the accumulation of ions at the ionisation zone, either by pas-
sively removing them (passive clearing), apply an additional field along the ionisation
zone (compensating) or actively removing the ions (clearing).

Ionic space-charge - Solutions

Passive clearing is one way to remove the ions from the ionisation zone by relying solely
on the inertia of the ions and/or on the extracting field. It requires appropriate choice
of atomic velocity (amplitude and orientation) and electric field and can be used in both
pulsed or continuous electron source. An ion with an initial velocity v0 (in the direction
of the field) accelerated by a static field of amplitude F attains the distance rF after τ:

rF =
qF

2mion
τ2 + v0τ (1.20)

Imagining a caesium atom at rest when it is ionised under an electric field of F = 10 V/cm,
the resulting ion will take 525 ns to be 100 µm away from its ionisation point. A neutral
effusive beam of caesium from an oven at 400 K will have a mean velocity in its propa-
gation direction of 274 m/s (1

2 mCsv = 3
2 kBT). If this velocity is in the opposite direction

of the field, the ions will experience a back-and-forth trajectory, first driven by their in-
ertia and then by the acceleration of the field. They will need 1.02 µs to be at 100 µm of
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the origin, meaning that the density of ions will be the double in the ionisation region.
With low extracting fields and a high-inertia ion like caesium, passive clearing is thus not
enough to guaranties that the energy spread induced by the ions will be less than 5 meV,
particularly if we lower the electric field.

Compensation and active clearing are more involving and correspond best respec-
tively to continuous and pulsed electron source.

Field compensation along the electron propagation axis in the perpendicular config-
uration has been proven to work well, but in a compensated electron source providing
30 pA with an energy spread of 2 meV, ionic space charge still account for around 1 meV
energy width[52]. A fundamental limit to compensation comes from the fact that they
originate from charges, whose field can’t be compensated perfectly by external fields.

This approach corresponds best to a continuous electron source simply because the
compensation must be done in a stationary situation (in terms of ion density in the ion-
isation zone), and can thus efficiently be coupled with an appropriate passive clearing
strategy.

However, I note that maybe additional field are not required to allow good compen-
sation. Indeed the potential shift induced by the ion space charge in the parallel config-
uration is the same at both end of the ionisation zone (i.e. Vshi f t(z) = Vshi f t(−z)), but
is maximum between the center of the ionisation zone (i.e. the origin) and the edges as
seen on figure 1.20. This is different from the potential gap due to the extracting field
where electrons at the center of the ionisation zone are created at a mean potential be-
tween electrons created at both ends of the ionisation zone. Figure 1.20 a) features the
total potential in the case of an extracting field of 10 V/cm (in dashed line) to underline
the different spatial dependence of these two potential differences (extracting field and
ionic space-charge).

On the left panel (b) of this figure I plot the same curves in the case of a charged sphere
of radius 10 µm and under a field of 10 V/cm. This shows that the extracting electric field
seems to have a compensating effect on the space-charge of the ions.

To further study the possible space-charge/field compensation, I then plot on figure
1.21 the potential difference at the center and at the edge of the ionisation zone, in function
of the radius R of the ionisation zone. It can easily be calculated in function of the charge
Q (equal to ρ 4

3 πR3):

∆V(R) = VR(0)−VR(R) =
Q

8ε0πR
(1.21)

I also plot the sum of this potential difference with electric fields of 1 V/cm and 10 V/cm.
The potential difference for these curves is the difference at the center and the high-field
edge of the ionisation zone (z = +R). It clearly shows that the electric field can indeed
compensate in part the detrimental effect of positive charge accumulation, and even after
750 ns, a charged sphere of 20 µm under an electric field of 10 V/cm shows no potential
difference between the center and its edge. This "natural" compensation between ionic
space-charge and extracting electric field needs careful design and tuning, but could be
a viable approach in combination with passive clearing in a continuous beam electron
source.

It should be clear however that other points in the ionisation zone have different po-
tential. To obtain a good estimation of the total energy spread induced by the combination
of ionic space-charge and extracting field, detailed simulations with space-charge effects
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FIGURE 1.21: Voltage difference in the case of a variable radius R of the
ionisation zone with an electron current of 100 pA after variable charge ac-
cumulation time, under fields of 0 V/cm (solid lines), 1 V/cm (dashed lines)
and 10 V/cm (point lines), between electrons created at the centre of the ion-

isation zone and at the edge of it in each case.

are required, particularly when the dynamics of the system is considered (the ionic veloc-
ity, charge accumulation...). Such simulations are presented in various configurations in
section 4.4.4.

The active clearing approach to the ionic space-charge problem is to limit the charge
accumulation in the ionization zone by pulsed electric fields. It requires to divide the
working time of the source into production/clearance cycles, thus making it adapted
only to pulsed electron sources. The pulsed electric field activated during a clearance
cycle removes the residuals ions formed by the previous ionisation period. In the case of
a high-repetition rate, low current electron source, this clearing can also occur only one
every n production cycles, to optimise the quality/quantity of produced electrons.

Active clearing requires pulsed fields of high-amplitude to be effective, and to keep
a low cleaning duty cycle. For example, a 23.5 ns pulse of 5 kV/cm brings caesium ions
initially at rest 100 µm away from their starting point. For ions with a starting velocity of
274 m/s in the opposite direction, this pulse needs to be at least 24.3 ns long. This shows
that the initial atomic velocity/initial temperature is not dominant in the required clear-
ing time, but instead that the mass of the ion and the intensity of the electric field pulse
are preponderant. Building on the estimation of the level of detrimental ion numbers (at-
tained in 334 ns, but lowered to 300 ns for safety), a clearing time of 30 ns would represent
only 10% of the electron production time. We can thus safely say that active clearing is vi-
able in an pulsed electron source, at least from a pure duty cycle/efficiency point of view,
but it is a bit involved experimentally as it demands pulsing high voltage very rapidly.

Active clearing can also be used in "continuous" beam electron sources, where the
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electron production is stopped and the ions are removed for 3.4 µs every 2.7 µs[48]. This
allows the creation of electron beams with very low energy spread and removes the con-
straint of pulsing high fields, but significantly decreases the maximum producible current
(reported below 1 pA[48]).

Overall the initial electric potential differences, coming from an applied extracting
field or from ion space-charge are the most critical points and there is a compromise to
be found in the electric field amplitude, the size of the ionisation zone and the electron
current to be able to go down to the meV range.

1.4.3 Initial atomic temperature

Origin

Another potential source of energy spread is the initial temperature of the neutral atoms
that will get ionised. This will create Doppler broadening of the ionising linewidth, and
some of the initial kinetic energy of the atom will be transferred to the ion and the electron.

Solution

The obvious way to reduce the effect of the temperature of the target on the energy spread
is to reduce the temperature of the target. It can be reduced easily by using neutral atom
jets, or even supersonic jets (see figure 1.19) because the transverse degrees of freedom of
the atoms are cooled down.

Some electron sources go beyond and use laser cooling techniques to minimize this
term, with the idea of producing "cold electrons" from cold atoms. Laser cooling is a
set of techniques that allows to trap and/or cool the external degrees of freedom of neu-
tral atoms[62–65], and allows to reach limit temperatures of a few tens of µK for Doppler
cooling, and a few nK for more advanced techniques (Sisyphus cooling, evaporative cool-
ing...). About a third of the stable elements in the periodic table have been cooled in this
way since the end of the 1980s[66].

This is how sources of charged particles (ions and electrons) from cold atoms emerged
from the end of the 2000s[67,68], and especially in the early 2010s. Several groups have
implemented this kind of source, and some examples are visible on the figure 1.22.

These electron sources are therefore based on a first step of cooling and trapping
atoms, then ionization in several laser steps (via a Rydberg state or directly above the
ionization threshold) and finally electron extraction, each of these steps can be performed
continuously or in a pulsed manner[71].

The typical implementation uses alkali metal atoms cooled in a 3-dimensional magneto-
optical trap between two electrodes creating an electric field.

The contribution of pre-ionisation laser cooling on the optical properties (brightness,
emittance) of the sources is very important for ion beams. Indeed, the initial momentum
(before acceleration by an electric field) of the ion is almost entirely determined by the
initial momentum of the neutral atom, so reducing the initial temperature of the atoms
mechanically reduces the initial temperature of the ions; and thus the associated emit-
tance. This explains why sources of ions from cold atoms are already the subject of semi-
industrial applications in ion beam microscopy[72,73]. For electron sources, the improve-
ments is not so straightforward.
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FIGURE 1.22: Some examples of electron sources from cold atoms. a) design
from ref. [49] with Rb atoms, for rapid switching of the acceleration field b)
from ref. [69] adapted for arbitrary transverse beam shaping c) based on an

AC-MOT, used to produce short electron bunches, from ref. [70]

Indeed the fundamental difference between an ion and an electron is that in an electric
field, the kinetic energy of the former is a non-negligible term of its total mechanical
energy. Thus, reducing the kinetic energy spread of the ions significantly reduces the
energy spread. An electron and an ion acquire the same amount of electric potential
energy (in absolute value) when the pair is created at rest (neglecting any momentum
kick from the ionisation process, dealt with in section 4.1.1) at a potential V: Epot = eV.
This potential energy will, after an acceleration from ±V to 0 V, translate into additional
kinetic energy:

Epot
kin =

1
2

me

(
vpot

e

)2
=

1
2

mion

(
vpot

ion

)2
(1.22)

And so the ratio of the velocity amplitude coming solely from the initial potential energy
is

vadd
e

vadd
ion

=

√
mion

me
≈ 492 for Cs (1.23)

This means that an electron will have an additional velocity 492 times bigger than the
velocity added to the ion. Thus the spread in initial kinetic energy (the temperature),
has 492 times less influence (for caesium ions) on the final electron speed dispersion than
on that of the ions. Considering an atomic cloud whose center of mass is at rest in the
laboratory frame of reference, the initial velocity dispersion of the atoms that leads to
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1 meV of final electron energy spread is

∆v1 meV =
1
2

√
2 · 10−3e

me
≈ 18 800 m/s for electrons (1.24)

when it is only 38 m/s for caesium ions.
Comparing this figure with typical gas phase atom velocities at room temperature (a

few hundred m/s), we conclude that the cold atom/cold ion analogy is correct, but the
cold atom/cold electron analogy is misleading. It is not enough to cool atoms to get cold
electrons, because the dominant terms of the energy spread are not directly linked to the
initial atomic temperature, but instead to energy potential differences and energy due to
the ionisation process.

To summarize, in an ion beam (formed by the ionisation of a neutral atomic beam) the
total energy spread depends on the initial kinetic energy spread. For electrons, the initial
neutral kinetic energy spread (due to thermal agitation at room temperature) is generally
negligible compared to the potential spread dispersion.

In the currently existing electron sources from cold atoms, the energy spread is at least
three times higher than the usual sources in microscopy[71,74], which are already far from
being monochromatic. This is the direct consequence of the strong electric extraction
fields that they use (around 1 kV/cm to 10 kV/cm), the moderate size of the ionization
zone (typically around 200 µm)[74] and of equation 1.15. The current implementations of
these kind of sources use large electric fields because they are used in ultra-fast electron
diffraction studies, where the extraction needs to be ultra-fast to preserve their high tem-
poral and spatial coherence[49,71]. In order to use these in our application, we need to
lower the energy spread by using a lower extracting field.

1.4.4 Electron-electron interactions

Origin

The fourth point is the Coulombic interactions between electrons. I separate it from the
interactions with the space charge of the ions because it is not active only in the ionisation
zone but from the ionisation to the detector.

Electron-electron interaction’s detrimental effects on electron beams have different
names in the literature, and some names are sometimes used in different meanings, de-
pending on the sub-field in which it is used. We follow here the nomenclature of the
reference [30], separating the interactions between electrons into space-charge effects and
the Boersch effect, which can be further decomposed into the energetic Boersch effect
and the spatial Boersch effect. The space charge interaction between electrons is a global
Coulomb interaction along the column depending on the mean charge density. It depends
strongly on the number of crossovers, current and energy of the electrons[75]. This inter-
action decreases brightness (by increasing emittance) but when the emittance increases
linearly with the charge density, this growth is reversible. However, it does not increase
the energy spread[76]. This effect has been the subject of many studies (and a very detailed
treatment can be found in chapter 7 of Ref. [31]).

The precise measurements of electron beam properties throughout the development
of electron guns has revealed that the interactions between electrons can not be fully
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explained by global space-charge effects[77]. Among the discrepancies, the broadening of
the energy and spatial distributions are called the energetic Boersch effect and the spatial
Boersch effect, respectively. Contrary to space-charge (i.e. mean field) effects, these are
the results of pair-interaction between electrons, in a stochastic way.

The spatial Boersch effect, also called "trajectory displacement" or Loeffler effect, rep-
resents a lateral shift of the electron position due to the pair interaction. Contrary to the
space-charge effects, this is not a reversible evolution and this effect actually decreases
the brightness of the source, but does not increase the energy spread.

The energetic Boersch effect is the broadening of the energy distribution of the elec-
trons due to stochastic pair interactions between electrons. It is closely related to the prob-
ability of formation of an electron in direct proximity to another electron, which would
induce strong Coulombic repulsion and thus a heating of the translational degrees of free-
dom of electrons. This effect is also called DIH for "Disorder-induced Heating" in the field
of ultracold plasmas[78].

This effect is particularly important for sources in photoionization, but an interesting
effect of Rydberg physics can limit the amplitude of DIH: the dipole blockade effect.

Solution

Dipole blockade occurs when (at least two) neutral atoms are close to each other, and one
of them is excited to a Rydberg level. Because two Rydberg states have a strong inter-
action, this shifts the resonant frequency to excite the second ground atom to a Rydberg
state. In the case of a spectrally narrow excitation radiation, this shift can be large enough
to bring the second ground atom transition to the Rydberg state out of resonance with the
laser. In the absence of electric field, the Van der Walls interaction between two Rydberg
states is proportional to 1/r6 (r being the distance between these atoms), the probability
to excite two very-close Rydberg atoms is thus small. In an electron source based on
the formation of Rydberg states as intermediate states, the probability to create electrons
very close to each other is thus equally small. The radius of dipole blockade in an atomic
sample can be as large as 10 µm for Rydberg states around 80[79]. Using this feature of Ry-
dberg atoms was indeed proposed for a photo-ion source from the ionisation of Rydberg
atoms as a way to reduce the disorder-induced heating or energetic Boersch effect[80].

The energy spread due to pair interaction (or energetic Boersch effect) is present not
only in the ionisation region but also all along the column. Boersch effects are by their
stochastic nature not compensable, so one must use these simple design rules to limit
their influence on the final energy spread and brightness of the electron beam:

• Avoiding crossovers, points where the average inter-electron distance gets small.

• Transporting the electrons at high energy. As a rule-of-thumb a higher acceleration
always decreases the Coulomb effects. The reason is that as electrons go faster, they
spend less time in the column, so they are less sensible to deteriorating interactions.
So in cases where the energy of the electrons has to be low in certain part of the
instrument (at the sample in a LEEM for example), it is better to transport them at
high energy, decelerate and then re-accelerates them than to transport them at the
required low energy.
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• Limit the current of the source, with a beam-limiting aperture for example. When
the crucial point of the electron source is its energy spread then it is preferable to
limit the current to the minimal value.

In our design of the HREELM column, simulations have shown that at a current of 1 nA,
electron-electron interactions has negligible influence on the final energy spread of the
electron beam[24].

1.4.5 Parasitic effects

The "parasitic" effects (the fifth point) include contributions from uncontrolled oscillat-
ing electric and magnetic fields, power supply instabilities, and all sources of energy
spread that are not calculable or easily controllable. The ionisation zone must be very
well shielded from uncontrolled electric fields by being remote from the vacuum cham-
ber surfaces, avoiding as much as possible insulating elements (whose electric potential
is not easily controllable) close to the electrons and stabilising the power supplies to the
electrodes. In HREELM, the working potential is 3 kV so voltage-supplies with stability
and precision around 10−6 are required. This value of working potential has been chosen
partly because of the relatively cheap voltage supplies with this level of stability (e.g. at
ISEG company). Keeping the same energy resolution at higher working potential would
significantly increase the price of such an instrument. Any oscillating or uncontrolled
constant magnetic field11 must be eliminated by several layers of µ-metal shielding12 in
the zones were the electron are slow. An important source of parasitic energy spread
is the differential surface potential drifts between different parts of the apparatus, espe-
cially the electron source and the sample. The surface potentials are greatly influenced
by the deposited layers, especially with caesium which is the most electro-positive stable
element. Covering electrodes with colloidal graphite can improve the stability of surface
potentials (even with alkali metal coverage), that have shown to be around 1 meV/h, low
enough to allow below 5 meV electron spectroscopy[54,59].

For applications requiring an electron source with very low energy dispersion, the
best possible control of these five points is essential.

11constant magnetic fields such as the Earth’s magnetic field do not induce energy spread[61]

12An alloy of nickel, iron and molybdenum having a very high magnetic permeability, that "traps" mag-
netic fields
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Section summary
Electron sources from the ionisation of atoms

In this section I have detailed all the possible sources of energy spread in an elec-
tron source from the ionisation of atoms, and have regrouped them in five different
points. To be able to produce monochromatic electron sources, a good control of
these five points is required: the cold atom/cold ion analogy is correct, but the cold
atom/cold electron analogy is misleading. I have summed-up these energy spread
sources and the possible solution for each of these points in the following table:

Sources of energy spread Estimation of ∆E Remedy

Ionisation process
a few meV for

Rydberg field-ionisationabove-threshold
photoionisation

Potential F∆z very low extracting field
difference small ionisation region

Ion 15.6 meV/nA active/passive clearing
space-charge compensation, low I

Atomic
<1 meV no needtemperature

Boersch effect a few meV good column design
low I

Parasitic a few meV shielding
effects stable electric supplies

Designing and constructing the electron source of HREELM (either the continuous
version or the pulsed version) will require the best control of all these points.

1.5 Conclusion on the electron source for HREELM

The HREELM project is ambitious, and at the heart of this ambition lies the promise of
an electron source that is able to produce an electron beam with an energy spread less
than 5 meV, at a current sufficient to allow spectroscopic cartography of a sample while
keeping a brightness high-enough for low-energy electron imaging (see table 1.1.3).

From the above presentation of existing electrons sources and the very-low maxi-
mal energy spread of the electron beam that we need, two general possibilities arise
for the electron source in HREELM. The first possibility is to follow the path of mod-
ern state-of-the-art STEM instruments and to rely on the monochromation of a bright
microscopy source. This would demand the same instrumental efforts and would re-
sult in a very expensive instrument (recent high-end STEM cost between 5 M€ and 10
M€). The second possibility is to adapt the techniques developed in atomic physics for
the spectroscopy of atoms and molecules to the world of microscopy, so as to develop a
highly-monochromatic electron source from the ionisation of free atoms. This thesis ex-
plores the second possibility. It thus encompasses two main goals, with different ranges.
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The first goal is almost a purely technological one, that is to construct the electron source
best adapted to the requirements of the HREELM project, enabling its unique possibili-
ties. The second goal, with further reaching possible consequences, is to explore in details
how the peculiar properties of Rydberg atoms can be used to improve electron and ion
sources.

These two goals are not completely independent, but there is no simple logical relation
between them i.e. each one can be achieved without the other one. Indeed, the HREELM
project could in principle adapt the techniques that allow highly sophisticated STEM in-
struments to reach 5 meV spectral resolution to low-energy electron microscopy. The first
goal would then be achieved, but not the second one.

One of the great potential advantages of electron sources from the ionization of free
atoms is the ability to easily generate spin-polarized electron beams[81]. The spin polari-
sation of the photo-electrons can be explained by the transfer of the ionising laser polari-
sation to the ejected electron via the spin-orbit interaction, or the so-called Fano effect[82].
This would enable the microscopy of magnetic domain walls[83] or the observation of
atomic steps in magnetic thin films[84], with the low-energy spread characteristic of these
sources.

It it important to note that the introduction of an intrinsically low-energy spread elec-
tron source to the electron microscopy community would have advantages beyond the
realisation of the HREELM project, as it would suppress the effect of chromatic aberra-
tions that limit most of the electron microscopes nowadays.

There is a strongly dividing line in terms of design, ion space charge, analysing instru-
ment and detection scheme, that is the question of whether the source should be contin-
uous or pulsed. This choice has heavy consequences on the instrument as a whole, but
also on the operation of the electron source and the solutions that we can apply to try
to limit the energy spread. As an example, if we decide to use a HSA for the analysis,
then we need higher primary current because of its slit, and this has deep impacts on the
kind of Rydberg states we would ionise or on the higher ion space charge that it would
create. On the other hand, ToF analysis requires a very precise temporal resolution of
the electrons, as well as a region of very-low energy flight, that requires extra care on the
magnetic shielding.

Chapters 4 and 5 present the experimental efforts of the present work in both direc-
tions, starting with the continuous electron source, and followed by the pulsed-electron
source. A preliminary to these studies is the theoretical description of Rydberg atoms
under an electric field, that is introduced in the next chapter, chapter 2. This theory gives
us access to Stark maps of Rydberg atoms that we test against experiments in chapter 3.

References

[1] E. Brüche. “Elektronenstrahl und Gasentladung”. In: Annalen der Physik 408.4 (1933),
pp. 377–403. ISSN: 00033804. DOI: 10.1002/andp.19334080402.

[2] M. Knoll and E. Ruska. “Das Elektronenmikroskop”. In: Zeitschrift fr Physik 79.9-10
(1932), p. 699. ISSN: 1434-6001. DOI: 10.1007/BF01330526.

[3] Manfred Baron von Ardenne. Elektronen-Übermikroskopie. Berlin, Heidelberg: Springer
Berlin Heidelberg, 1940. ISBN: 978-3-642-47103-2. DOI: 10.1007/978-3-642-47348-
7.

https://doi.org/10.1002/andp.19334080402
https://doi.org/10.1007/BF01330526
https://doi.org/10.1007/978-3-642-47348-7
https://doi.org/10.1007/978-3-642-47348-7


50 Chapter 1. A new electron source for a new instrument

[4] J. Hillier and R. F. Baker. “Microanalysis by Means of Electrons”. In: Journal of Ap-
plied Physics 15.9 (1944), pp. 663–675. ISSN: 0021-8979. DOI: 10.1063/1.1707491.

[5] M. P. Seah and W. A. Dench. “Quantitative electron spectroscopy of surfaces: A
standard data base for electron inelastic mean free paths in solids”. In: Surface and
Interface Analysis 1.1 (1979), pp. 2–11. ISSN: 0142-2421. DOI: 10.1002/sia.740010103.

[6] Louis De Broglie. “Recherches sur la théorie des Quanta”. Theses. Migration - uni-
versité en cours d’affectation, Nov. 1924. URL: https://tel.archives-ouvertes.
fr/tel-00006807.

[7] John C. H. Spence. “Outrunning damage: Electrons vs X-rays-timescales and mech-
anisms”. In: Structural dynamics (Melville, N.Y.) 4.4 (2017), p. 044027. ISSN: 2329-7778.
DOI: 10.1063/1.4984606.

[8] R. P. Apkarian. “Conditions required for detection of specimen-specific SE-I sec-
ondary electrons in an analytical SEM”. In: Journal of microscopy 154.Pt 2 (1989),
pp. 177–188. DOI: 10.1111/j.1365-2818.1989.tb00580.x.

[9] Peter W. Hawkes and John C. H. Spence. Springer Handbook of Microscopy. Cham:
Springer International Publishing, 2019. ISBN: 978-3-030-00068-4. DOI: 10 . 1007 /
978-3-030-00069-1.

[10] David C. Bell and Natasha Erdman, eds. Low Voltage Electron Microscopy. Chichester,
UK: John Wiley & Sons, Ltd, 2012. DOI: 10.1002/9781118498514.

[11] Academic Press Inc., ed. Fifth International Congress for Electron Microscopy. Elsevier,
1962. ISBN: 9781483227955.

[12] E. Bauer. “Surface electron microscopy: the first thirty years”. In: Surface Science
299-300 (1994), pp. 102–115. ISSN: 00396028. DOI: 10.1016/0039-6028(94)90649-1.

[13] S. M. Schramm, S. J. van der Molen, and R. M. Tromp. “Intrinsic instability of
aberration-corrected electron microscopes”. In: Physical review letters 109.16 (2012),
p. 163901. ISSN: 0031-9007. DOI: 10.1103/PhysRevLett.109.163901.

[14] R. Bruce King, ed. High Resolution Electron Energy-Loss Spectroscopy: Encyclopedia of
inorganic chemistry. 2. ed., new and completely rev. Chichester: Wiley, 2005.

[15] H. Ibach and D. L. Mills. Electron Energy Loss Spectroscopy and Surface Vibrations.
Elsevier, 1982. DOI: 10.1016/c2013-0-10894-x.

[16] Larry L. Kesmodel. “High-Resolution Electron Energy Loss Spectroscopy (HREELS)”.
In: Encyclopedia of Surface and Colloid Science, 2015, pp. 3038–3045.

[17] LK Technologies. ELS5000-Brochure. URL: http://www.lktech.com/documents/
ELS5000-brochure.pdf (visited on 06/10/2020).

[18] Y. Fujikawa, T. Sakurai, and R. M. Tromp. “Surface plasmon microscopy using an
energy-filtered low energy electron microscope”. In: Physical review letters 100.12
(2008), p. 126803. ISSN: 0031-9007. DOI: 10.1103/PhysRevLett.100.126803.

[19] Lucien Henry. “Filtrage magnétique des vitesses en microscopie électronique”. In:
Bulletin de la Société française de Minéralogie et de Cristallographie 88.2 (1965), pp. 172–
198. ISSN: 0037-9328. DOI: 10.3406/bulmi.1965.5833.

[20] R. F. Egerton. Electron Energy-Loss Spectroscopy in the Electron Microscope. Boston,
MA: Springer US, 2011. ISBN: 978-1-4419-9582-7. DOI: 10.1007/978-1-4419-9583-
4.

https://doi.org/10.1063/1.1707491
https://doi.org/10.1002/sia.740010103
https://tel.archives-ouvertes.fr/tel-00006807
https://tel.archives-ouvertes.fr/tel-00006807
https://doi.org/10.1063/1.4984606
https://doi.org/10.1111/j.1365-2818.1989.tb00580.x
https://doi.org/10.1007/978-3-030-00069-1
https://doi.org/10.1007/978-3-030-00069-1
https://doi.org/10.1002/9781118498514
https://doi.org/10.1016/0039-6028(94)90649-1
https://doi.org/10.1103/PhysRevLett.109.163901
https://doi.org/10.1016/c2013-0-10894-x
http://www.lktech.com/documents/ELS5000-brochure.pdf
http://www.lktech.com/documents/ELS5000-brochure.pdf
https://doi.org/10.1103/PhysRevLett.100.126803
https://doi.org/10.3406/bulmi.1965.5833
https://doi.org/10.1007/978-1-4419-9583-4
https://doi.org/10.1007/978-1-4419-9583-4


References 51

[21] C. Colliex. “From a physicist’s toy to an indispensable analytical tool in many fields
of science: A personal view of the leading contribution of Ondrej Krivanek to the
spectacular successes of EELS spectroscopy in the electron microscope”. In: Ultra-
microscopy 180 (2017). ISSN: 03043991. DOI: 10.1016/j.ultramic.2016.11.007.

[22] T. C. Lovejoy, G. J. Corbin, N. Dellby, N. Johnson, M. V. Hoffman, A. Mittelberger,
and O. L. Krivanek. “Progress in Ultra-High Energy Resolution EELS”. In: Mi-
croscopy and Microanalysis 25.S2 (2019), pp. 628–629. ISSN: 1431-9276. DOI: 10.1017/
S1431927619003878.

[23] R. Wichtendahl et al. “SMART: An Aberration-Corrected XPEEM/LEEM with En-
ergy Filter”. In: Surface Review and Letters 05.06 (1998), pp. 1249–1256. ISSN: 0218-
625X. DOI: 10.1142/S0218625X98001584.

[24] Marian Mankos, Khashayar Shadman, Raphaël Hahn, Yan J. Picard, Daniel Com-
parat, Olena Fedchenko, Gerd Schönhense, Lionel Amiaud, Anne Lafosse, and Nick
Barrett. “Design for a high resolution electron energy loss microscope”. In: Ultrami-
croscopy 207 (2019), p. 112848. ISSN: 03043991. DOI: 10.1016/j.ultramic.2019.
112848.

[25] M. Mankos and K. Shadman. Electron Optics Design. Technical Report for HREELM
Project. Electron Optica, Inc., 2018.

[26] Surface Concept GmbH. Delayline Detectors. URL: https://www.surface-concept.
com/downloads/info/delaylinedetectors.pdf (visited on 06/06/2020).

[27] K. Medjanik et al. “Progress in HAXPES performance combining full field k-imaging
with time of flight recording”. In: Journal of synchrotron radiation 26.Pt 6 (2019),
pp. 1996–2012. DOI: 10.1107/S1600577519012773.

[28] F. S. Hage, D. M. Kepaptsoglou, Q. M. Ramasse, and L. J. Allen. “Phonon Spec-
troscopy at Atomic Resolution”. In: Physical Review Letters 122.1 (2019). ISSN: 0031-
9007. DOI: 10.1103/PhysRevLett.122.016103.

[29] O. L. Krivanek et al. “Progress in ultrahigh energy resolution EELS”. In: Ultrami-
croscopy 203 (2019), pp. 60–67. ISSN: 03043991. DOI: 10.1016/j.ultramic.2018.12.
006.

[30] P. W. Hawkes and E. Kasper, eds. Principles of electron optics. Second edition. Lon-
don: Elsevier/AP Academic Press an imprint of Elsevier, 2018. ISBN: 978-0-08-102256-
6. DOI: 10.1016/B978-0-08-102256-6.00041-9.

[31] Jon Orloff. Handbook of charged particle optics. 2nd ed. Boca Raton: CRC Press/Taylor
& Francis, 2009. ISBN: 1420045547.

[32] Harald Ibach, Martin Balden, and Sieghart Lehwald. “Recent advances in elec-
tron energy loss spectroscopy of surface vibrations”. In: Journal of the Chemical So-
ciety, Faraday Transactions 92.23 (1996), p. 4771. ISSN: 0956-5000. DOI: 10 . 1039 /
FT9969204771.

[33] Niels de Jonge, Yann Lamy, Koen Schoots, and Tjerk H. Oosterkamp. “High bright-
ness electron beam from a multi-walled carbon nanotube”. In: Nature 420.6914 (2002),
pp. 393–395. DOI: 10.1038/nature01233.

https://doi.org/10.1016/j.ultramic.2016.11.007
https://doi.org/10.1017/S1431927619003878
https://doi.org/10.1017/S1431927619003878
https://doi.org/10.1142/S0218625X98001584
https://doi.org/10.1016/j.ultramic.2019.112848
https://doi.org/10.1016/j.ultramic.2019.112848
https://www.surface-concept.com/downloads/info/delaylinedetectors.pdf
https://www.surface-concept.com/downloads/info/delaylinedetectors.pdf
https://doi.org/10.1107/S1600577519012773
https://doi.org/10.1103/PhysRevLett.122.016103
https://doi.org/10.1016/j.ultramic.2018.12.006
https://doi.org/10.1016/j.ultramic.2018.12.006
https://doi.org/10.1016/B978-0-08-102256-6.00041-9
https://doi.org/10.1039/FT9969204771
https://doi.org/10.1039/FT9969204771
https://doi.org/10.1038/nature01233


52 Chapter 1. A new electron source for a new instrument

[34] S. Mamishin, Y. Kubo, R. Cours, M. Monthioux, and F. Houdellier. “200 keV cold
field emission source using carbon cone nanotip: Application to scanning trans-
mission electron microscopy”. In: Ultramicroscopy 182 (2017), pp. 303–307. ISSN:
03043991. DOI: 10.1016/j.ultramic.2017.07.018.

[35] Xiuyuan Shao and Anjam Khursheed. “A Review Paper on “Graphene Field Emis-
sion for Electron Microscopy””. In: Applied Sciences 8.6 (2018), p. 868. DOI: 10.3390/
app8060868.

[36] S. T. Purcell, Vu Thien Binh, and N. Garcia. “64 meV measured energy dispersion
from cold field emission nanotips”. In: Applied Physics Letters 67.3 (1995), pp. 436–
438. ISSN: 0003-6951. DOI: 10.1063/1.114624.

[37] Aaron W. Baum, William E. Spicer, Roger Fabian W. Pease, Kenneth A. Costello, and
Verle W. Aebi. “Negative electron affinity photocathodes as high-performance elec-
tron sources: Part 2: Energy spectrum measurements”. In: Proc. SPIE 2550 (1995),
pp. 189–196. DOI: 10.1117/12.221430.

[38] D. A. Orlov. “Ultra-Cold Electron Beams for the Heidelberg TSR and CSR”. In: AIP
Conference Proceedings. AIP, 2005, pp. 478–487. DOI: 10.1063/1.2190155.

[39] H. Boersch, J. Geiger, and W. Stickel. “Das Auflsungsvermgen des elektrostatisch-
magnetischen Energieanalysators fr schnelle Elektronen”. In: Zeitschrift fr Physik
180.4 (1964), pp. 415–424. ISSN: 1434-6001. DOI: 10.1007/BF01380526.

[40] Stephan Uhlemann and Max Haider. “Experimental set-up of a purely electrostatic
monochromator for high resolution and analytical purposes of a 200 kV TEM”. In:
Microscopy and Microanalysis 8.S02 (2002), pp. 584–585. ISSN: 1431-9276. DOI: 10.
1017/S1431927602105861.

[41] P. C. Tiemeijer, J. H. A van Lin, B. H. Freitag, and A. F. de Jong. “Monochromized
200 kV (S)TEM”. In: Microscopy and Microanalysis 8.S02 (2002), pp. 70–71. ISSN: 1431-
9276. DOI: 10.1017/S143192760210184X.

[42] E. Essers, G. Benner, T. Mandler, S. Meyer, D. Mittmann, M. Schnell, and R. Höschen.
“Energy resolution of an Omega-type monochromator and imaging properties of
the MANDOLINE filter”. In: Ultramicroscopy 110.8 (2010), pp. 971–980. ISSN: 03043991.
DOI: 10.1016/j.ultramic.2010.02.009.

[43] Terauchi, Tanaka, Tsuno, and Ishida. “Development of a high energy resolution
electron energy-loss spectroscopy microscope”. In: Journal of microscopy 194.1 (1999),
pp. 203–209. DOI: 10.1046/j.1365-2818.1999.00450.x.

[44] O. L. Krivanek, J. P. Ursin, N. J. Bacon, G. J. Corbin, N. Dellby, P. Hrncirik, M. F.
Murfitt, C. S. Own, and Z. S. Szilagyi. “High-energy-resolution monochromator for
aberration-corrected scanning transmission electron microscopy/electron energy-
loss spectroscopy”. In: Philosophical transactions. Series A, Mathematical, physical, and
engineering sciences 367.1903 (2009), pp. 3683–3697. DOI: 10.1098/rsta.2009.0087.

[45] Shigeyuki Morishita, Masaki Mukai, Kazu Suenaga, and Hidetaka Sawada. “Atomic
Resolution Imaging at an Ultralow Accelerating Voltage by a Monochromatic Trans-
mission Electron Microscope”. In: Physical review letters 117.15 (2016), p. 153004.
ISSN: 0031-9007. DOI: 10.1103/PhysRevLett.117.153004.

[46] Takanori Nakane et al. “Single-particle cryo-EM at atomic resolution”. In: Nature
(2020). DOI: 10.1038/s41586-020-2829-0.

https://doi.org/10.1016/j.ultramic.2017.07.018
https://doi.org/10.3390/app8060868
https://doi.org/10.3390/app8060868
https://doi.org/10.1063/1.114624
https://doi.org/10.1117/12.221430
https://doi.org/10.1063/1.2190155
https://doi.org/10.1007/BF01380526
https://doi.org/10.1017/S1431927602105861
https://doi.org/10.1017/S1431927602105861
https://doi.org/10.1017/S143192760210184X
https://doi.org/10.1016/j.ultramic.2010.02.009
https://doi.org/10.1046/j.1365-2818.1999.00450.x
https://doi.org/10.1098/rsta.2009.0087
https://doi.org/10.1103/PhysRevLett.117.153004
https://doi.org/10.1038/s41586-020-2829-0


References 53

[47] David Field, Stuart L. Lunt, and Jean-Pierre Ziesel. “The Quantum World of Cold
Electron Collisions”. In: Accounts of Chemical Research 34.4 (2001), pp. 291–298. ISSN:
0001-4842. DOI: 10.1021/ar0000962.

[48] D. Klar, M-W Ruf, and H. Hotop. “A tunable laser-atomic beam photoelectron
source with sub-milli-electron-volt resolution: design, operation and application to
threshold electron attachment studies”. In: Journal of Physics B: Atomic and Molecular
Physics 5.10 (1994), pp. 1248–1261. ISSN: 0022-3700. DOI: 10.1088/0957-0233/5/10/
010.

[49] W. J. Engelen, M. A. van der Heijden, D. J. Bakker, E. J. D. Vredenbregt, and O. J.
Luiten. “High-coherence electron bunches produced by femtosecond photoioniza-
tion”. In: Nature Communications 4 (2013), p. 1693. ISSN: 2041-1723. DOI: 10.1038/
ncomms2700.

[50] A. C. Gallagher and G. York. “A photoionization source of monoenergetic elec-
trons”. In: Review of Scientific Instruments 45.5 (1974), pp. 662–668. ISSN: 0034-6748.
DOI: 10.1063/1.1686709.

[51] M. Kurokawa, M. Kitajima, K. Toyoshima, T. Odagiri, H. Kato, H. Kawahara, M.
Hoshino, H. Tanaka, and K. Ito. “Threshold photoelectron source for the study of
low-energy electron scattering: Total cross section for electron scattering from kryp-
ton in the energy range from 14 meV to 20 eV”. In: Physical Review A 82.6 (2010),
p. 593. ISSN: 1050-2947. DOI: 10.1103/PhysRevA.82.062707.

[52] S. Barsotti, I. I. Fabrikant, M.-W. Ruf, and H. Hotop. “High resolution low-energy
electron attachment to molecular clusters of sulfur dioxide”. In: International Journal
of Mass Spectrometry 365-366 (2014), pp. 301–310. ISSN: 13873806. DOI: 10.1016/j.
ijms.2013.12.029.

[53] R. E. Kennerly, R. J. van Brunt, and A. C. Gallagher. “High-resolution measurement
of the helium 1s2s2S2 resonance profile”. In: Physical Review A 23.5 (1981), pp. 2430–
2442. ISSN: 1050-2947. DOI: 10.1103/PhysRevA.23.2430.

[54] K. Franz, T. H. Hoffmann, J. Bömmels, A. Gopalan, G. Sauter, W. Meyer, M. Allan,
M.-W. Ruf, and H. Hotop. “Low-lying resonances in electron-argon scattering: Mea-
surements at 5−meV resolution and comparison with theory”. In: Physical Review
A 78.1 (2008), p. 1. ISSN: 1050-2947. DOI: 10.1103/PhysRevA.78.012712.

[55] A. Schramm, J. M. Weber, J. Kreil, D. Klar, M.-W. Ruf, and H. Hotop. “Laser Photo-
electron Attachment to Molecules in a Skimmed Supersonic Beam: Diagnostics of
Weak Electric Fields and Attachment Cross Sections Down to 20 µeV”. In: Physical
Review Letters 81.4 (1998), pp. 778–781. ISSN: 0031-9007. DOI: 10.1103/PhysRevLett.
81.778.

[56] M. Keil, T. Kolling, K. Bergmann, and W. Meyer. “Dissociative attachment of low-
energy electrons to vibrationally excited Na2 molecules using a photoelectron source”.
In: The European Physical Journal D 7.1 (1999), pp. 55–64. ISSN: 1434-6060. DOI: 10.
1007/s100530050347.

[57] M. Braun, S. Marienfeld, M-W Ruf, and H. Hotop. “High-resolution electron attach-
ment to the molecules CCl4 and SF6 over extended energy ranges with the (EX)LPA
method”. In: Journal of Physics B: Atomic, Molecular and Optical Physics 42.12 (2009),
p. 125202. ISSN: 0953-4075. DOI: 10.1088/0953-4075/42/12/125202.

https://doi.org/10.1021/ar0000962
https://doi.org/10.1088/0957-0233/5/10/010
https://doi.org/10.1088/0957-0233/5/10/010
https://doi.org/10.1038/ncomms2700
https://doi.org/10.1038/ncomms2700
https://doi.org/10.1063/1.1686709
https://doi.org/10.1103/PhysRevA.82.062707
https://doi.org/10.1016/j.ijms.2013.12.029
https://doi.org/10.1016/j.ijms.2013.12.029
https://doi.org/10.1103/PhysRevA.23.2430
https://doi.org/10.1103/PhysRevA.78.012712
https://doi.org/10.1103/PhysRevLett.81.778
https://doi.org/10.1103/PhysRevLett.81.778
https://doi.org/10.1007/s100530050347
https://doi.org/10.1007/s100530050347
https://doi.org/10.1088/0953-4075/42/12/125202


54 Chapter 1. A new electron source for a new instrument

[58] R. Hahn, A. Trimeche, C. Lopez, D. Comparat, and Y. J. Picard. Cesium Rydberg states
ionization study by 3-D ion-electron correlation. 2021.

[59] J. Bömmels, K. Franz, T. H. Hoffmann, A. Gopalan, O. Zatsarinny, K. Bartschat,
M.-W. Ruf, and H. Hotop. “Low-lying resonances in electron-neon scattering: Mea-
surements at 4 meV resolution and comparison with theory”. In: Physical Review A
71.1 (2005), p. 1. ISSN: 1050-2947. DOI: 10.1103/PhysRevA.71.012704.

[60] A. Gopalan, J. Bömmels, S. Götte, A. Landwehr, K. Franz, M.-W. Ruf, H. Hotop, and
K. Bartschat. “A novel electron scattering apparatus combining a laser photoelec-
tron source and a triply differentially pumped supersonic beam target: Characteri-
zation and results for the He−(1s2s2) resonance”. In: The European Physical Journal
D - Atomic, Molecular and Optical Physics 22.1 (2003), pp. 17–29. ISSN: 1434-6060. DOI:
10.1140/epjd/e2002-00219-7.

[61] J. Bömmels, E. Leber, A. Gopalan, J. M. Weber, S. Barsotti, M.-W. Ruf, and H. Hotop.
“Energy broadening due to photoion space charge in a high resolution laser pho-
toelectron source”. In: Review of Scientific Instruments 72.11 (2001), pp. 4098–4105.
ISSN: 0034-6748. DOI: 10.1063/1.1412861.

[62] Ertmer, Blatt, Hall, and Zhu. “Laser manipulation of atomic beam velocities: Demon-
stration of stopped atoms and velocity reversal”. In: Physical review letters 54.10
(1985), pp. 996–999. DOI: 10.1103/PhysRevLett.54.996.

[63] William D. Phillips, John V. Prodan, and Harold J. Metcalf. “Laser cooling and elec-
tromagnetic trapping of neutral atoms”. In: Journal of the Optical Society of America B
2.11 (1985), p. 1751. ISSN: 0740-3224. DOI: 10.1364/josab.2.001751.

[64] David J. Wineland and Wayne M. Itano. “Laser Cooling”. In: Journal of the Optical
Society of America B 40.6 (1987), pp. 34–40. ISSN: 0740-3224. DOI: 10.1063/1.881076.

[65] A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and C. Cohen-Tannoudji. “Laser
cooling below the one-photon recoil energy by velocity-selective coherent popula-
tion trapping: theoretical analysis”. In: Journal of the Optical Society of America B 6.11
(1989), p. 2112. ISSN: 0740-3224. DOI: 10.1364/JOSAB.6.002112.

[66] J. Dalibard. Une brève histoire des atomes froids: Cours au Collège de France: Atomes et
lumière en équilibre thermique. 2015. URL: https://www.college-de-france.fr/
site/jean-dalibard/course-2015-05-20-09h30.htm.

[67] B. J. Claessens, S. B. van der Geer, G. Taban, E. J. D. Vredenbregt, and O. J. Luiten.
“Ultracold electron source”. In: Physical review letters 95.16 (2005), p. 164801. ISSN:
1079-7114. DOI: 10.1103/PhysRevLett.95.164801.

[68] B. J. Claessens, M. P. Reijnders, G. Taban, O. J. Luiten, and E. J. D. Vredenbregt.
“Cold electron and ion beams generated from trapped atoms”. In: Physics of Plasmas
14.9 (2007), p. 093101. ISSN: 0375-9601. DOI: 10.1063/1.2771518.

[69] A. J. McCulloch, D. V. Sheludko, S. D. Saliba, S. C. Bell, M. Junker, K. A. Nugent,
and R. E. Scholten. “Arbitrarily shaped high-coherence electron bunches from cold
atoms”. In: Nature Physics 7.10 (2011), pp. 785–788. ISSN: 1745-2473. DOI: 10.1038/
nphys2052.

https://doi.org/10.1103/PhysRevA.71.012704
https://doi.org/10.1140/epjd/e2002-00219-7
https://doi.org/10.1063/1.1412861
https://doi.org/10.1103/PhysRevLett.54.996
https://doi.org/10.1364/josab.2.001751
https://doi.org/10.1063/1.881076
https://doi.org/10.1364/JOSAB.6.002112
https://www.college-de-france.fr/site/jean-dalibard/course-2015-05-20-09h30.htm
https://www.college-de-france.fr/site/jean-dalibard/course-2015-05-20-09h30.htm
https://doi.org/10.1103/PhysRevLett.95.164801
https://doi.org/10.1063/1.2771518
https://doi.org/10.1038/nphys2052
https://doi.org/10.1038/nphys2052


References 55

[70] G. Xia, M. Harvey, A. J. Murray, L. Bellan, W. Bertsche, R. B. Appleby, O. Mete,
and S. Chattopadhyay. “An ultracold low emittance electron source”. In: Journal of
Instrumentation 9.06 (2014), P06011–P06011. ISSN: 1367-2630. DOI: 10.1088/1748-
0221/9/06/P06011.

[71] Andrew J. McCulloch, Ben M. Sparkes, and Robert E. Scholten. “Cold electron
sources using laser-cooled atoms”. In: Journal of Physics B: Atomic, Molecular and
Optical Physics 49.16 (2016), p. 164004. ISSN: 0953-4075. DOI: 10.1088/0953-4075/
49/16/164004.

[72] M. Viteau et al. “Ion microscopy based on laser-cooled cesium atoms”. In: Ultrami-
croscopy 164 (2016), pp. 70–77. ISSN: 03043991. DOI: 10.1016/j.ultramic.2015.12.
007.

[73] Brenton J. Knuffman, Adam V. Steele, Jon Orloff, and Jabez J. McClelland. “Nanoscale
focused ion beam from laser-cooled lithium atoms”. In: New Journal of Physics 13.10
(2011), p. 103035. ISSN: 1367-2630. DOI: 10.1088/1367-2630/13/10/103035.

[74] J. G. H. Franssen, J. M. Kromwijk, E. J. D. Vredenbregt, and O. J. Luiten. “Energy
spread of ultracold electron bunches extracted from a laser cooled gas”. In: Journal
of Physics B: Atomic, Molecular and Optical Physics 51.3 (2018), p. 035007. ISSN: 0953-
4075. DOI: 10.1088/1361-6455/aa9954.

[75] M. S. Bronsgeest, J. E. Barth, G. A. Schwind, L. W. Swanson, and P. Kruit. “Ex-
tracting the Boersch effect contribution from experimental energy spread measure-
ments for Schottky electron emitters”. In: Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures 25.6 (2007), p. 2049. ISSN: 10711023. DOI:
10.1116/1.2794067.

[76] D. J. Thompson, D. Murphy, R. W. Speirs, R. M. W. van Bijnen, A. J. McCulloch,
R. E. Scholten, and B. M. Sparkes. “Suppression of emittance growth using a shaped
cold atom electron and ion source”. In: Physical review letters 117.19 (2016), p. 193202.
ISSN: 1079-7114. DOI: 10.1103/PhysRevLett.117.193202.

[77] H. Boersch. “Experimentelle Bestimmung der Energieverteilung in thermisch aus-
gelsten Elektronenstrahlen”. In: Zeitschrift fr Physik 139.2 (1954), pp. 115–146. ISSN:
1434-6001. DOI: 10.1007/BF01375256.

[78] S. G. Kuzmin and T. M. O’Neil. “Numerical simulation of ultracold plasmas”. In:
Physics of Plasmas 9.9 (2002), pp. 3743–3751. ISSN: 0375-9601. DOI: 10 . 1063 / 1 .
1497166.

[79] E. Urban, T. A. Johnson, T. Henage, L. Isenhower, D. D. Yavuz, T. G. Walker, and M.
Saffman. “Observation of Rydberg blockade between two atoms”. In: Nature Physics
5.2 (2009), pp. 110–114. ISSN: 1745-2473. DOI: 10.1038/nphys1178.

[80] D. Murphy, R. E. Scholten, and B. M. Sparkes. “Increasing the Brightness of Cold
Ion Beams by Suppressing Disorder-Induced Heating with Rydberg Blockade”.
In: Physical review letters 115.21 (2015), p. 214802. ISSN: 1079-7114. DOI: 10.1103/
PhysRevLett.115.214802.

[81] R. Mollenkamp and U. Heinzmann. “A source of highly spin-polarised slow elec-
trons based on the ’Fano effect’ on caesium atoms”. In: Review of Scientific Instru-
ments 15.6 (1982), pp. 692–696. ISSN: 0034-6748. DOI: 10.1088/0022-3735/15/6/020.

https://doi.org/10.1088/1748-0221/9/06/P06011
https://doi.org/10.1088/1748-0221/9/06/P06011
https://doi.org/10.1088/0953-4075/49/16/164004
https://doi.org/10.1088/0953-4075/49/16/164004
https://doi.org/10.1016/j.ultramic.2015.12.007
https://doi.org/10.1016/j.ultramic.2015.12.007
https://doi.org/10.1088/1367-2630/13/10/103035
https://doi.org/10.1088/1361-6455/aa9954
https://doi.org/10.1116/1.2794067
https://doi.org/10.1103/PhysRevLett.117.193202
https://doi.org/10.1007/BF01375256
https://doi.org/10.1063/1.1497166
https://doi.org/10.1063/1.1497166
https://doi.org/10.1038/nphys1178
https://doi.org/10.1103/PhysRevLett.115.214802
https://doi.org/10.1103/PhysRevLett.115.214802
https://doi.org/10.1088/0022-3735/15/6/020


56 Chapter 1. A new electron source for a new instrument

[82] U. Fano. “Spin Orientation of Photoelectrons Ejected by Circularly Polarized Light”.
In: Physical Review 178.1 (1969), pp. 131–136. ISSN: 0031-899X. DOI: 10.1103/PhysRev.
178.131.

[83] Chao Zhou, Gong Chen, Jia Xu, Jianhui Liang, Kai Liu, Andreas K. Schmid, and
Yizheng Wu. “Magnetic domain wall contrast under zero domain contrast condi-
tions in spin polarized low energy electron microscopy”. In: Ultramicroscopy 200
(2019), pp. 132–138. ISSN: 03043991. DOI: 10.1016/j.ultramic.2019.02.026.

[84] MacCallum Robertson, Yizheng Wu, Andreas K. Schmid, and Gong Chen. “Ob-
servation of surface step bunch induced perpendicular magnetic anisotropy us-
ing spin-polarized low energy electron microscopy”. In: Ultramicroscopy 200 (2019),
pp. 180–183. ISSN: 03043991. DOI: 10.1016/j.ultramic.2019.02.025.

https://doi.org/10.1103/PhysRev.178.131
https://doi.org/10.1103/PhysRev.178.131
https://doi.org/10.1016/j.ultramic.2019.02.026
https://doi.org/10.1016/j.ultramic.2019.02.025


57

Chapter 2

Rydberg atoms and Stark effect

The miracle of the appropriateness
of the language of mathematics for
the formulation of the laws of
physics is a wonderful gift which
we neither understand nor deserve.

Eugene Paul Wigner

In this chapter I will introduce the theoretical background relevant to the study of
Rydberg atoms, from basic elements of Rydberg physics to an elaborate method to predict
their energies and ionisation rates in an electric field. This is a necessary material to have
in mind to use these particular atomic states for the elaboration of a high-performance
electron source for the HREELM project. This discussion starts with a short introduction
to Rydberg atoms (section 2.1), followed by a discussion of the quantum defect theory
applied to alkali metal atoms (section 2.2), that will give some insights into the behaviour
of the valence electron in these elements, as well as a derivation of the Rydberg formula
from scattering theory. I follow in section 2.3 with the introduction of the problem of
the hydrogen atom under an electric field, which will help me establish the tools and
concepts to treat alkali metal atoms. This treatment can be achieved in numerous ways,
but I insist in section 2.4 on the matrix diagonalization method, as well as the local frame-
transformation method. This last method will be used throughout the rest of this work,
as a basis for all our Rydberg ionisation studies in chapter 3, 4 and 5.

In the rest of this manuscript, I use the following notations: ω for angular frequen-
cies (usually expressed in s−1), ν for linear frequencies (in THz for transitions, and in
MHz for shifts or state linewidths), ν for spectroscopic wavenumbers (in cm−1), and
λ for wavelengths (in nm). These are linked to the energy by the following formulas:
E = hν(Hz) = hc

λ(nm)
= h̄ω(s−1) = 100hcν(cm−1). All wavelengths are expressed in

vacuum. Many formulas are given in atomic units, and the conversion to SI units must
take into account the context of the formula, i.e. if the atom is hydrogen or caesium.
This distinction comes from the fact that the Hartree atomic units correspond to an atom
with a virtually infinitely massive core, thus the reduced mass of the two-body problem
is µ = memCore

me+mCore
= me. The atomic units of length (the Bohr radius), energy (the Hartree)
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and electric field are thus respectively:

a0 =
4πε0h̄2

mee2

Eh =
h̄2

mea2
0
= 2Ry

Fau =
Eh
ea0

In this system of units, the Schrödinger equation for one electron is universal and given
by equation 2.6. The atomic units for hydrogen or caesium are obtained by replacing me

by µH =
memp

me+mp
and µCs =

me+m(133Cs)
mem(133Cs)

respectively. Conversion factors to SI units for

these systems are given at the beginning of this document.

2.1 Elements of Rydberg physics

The alkali metal atoms have the peculiarity of having a closed-shell electronic configura-
tion, with one extra electron. This makes them similar to hydrogen atoms in some aspects,
where the proton is replaced with a big positively charged core and a single electron or-
bits around this core (see figure 2.1). This allows the description of the atom as a one
electron state, with the usual quantum numbers n, l, ml and ms. Relativistic corrections
lift the degeneracy of states with same n but different l, and electron spin-orbit coupling
and the Darwin term lift the degeneracy of states of same l but different ml, resulting in
the fine structure of the atom. In large atoms (in caesium in particular), this is further
complicated by hyperfine splitting, which is the interaction between the electron orbital
moment and the nuclear dipole moment.

As the principal quantum number n of the one-electron state gets higher, this one
electron state view becomes more and more accurate, and we call these high-n states the
Rydberg states. An empirical formula for the energy levels of Rydberg states was devised
as early as 1889[1,2]:

E(n) =
−Ry

(n− δl)2 (2.1)

It gives the energy of a given level from the principal quantum number n as well as the
quantum defect δl. A derivation of this formula will be given in section 2.2. As the spatial
extension of the electronic wave function expands radially as n2, these states can quickly
exhibit sizes several orders of magnitude larger than ground-state atoms (the geometric
cross-section is proportional to the radius squared so it evolves with n4), as can be seen
schematically on figure 2.1.

The spatial extension is not the only property that scales up with powers of n: their
long radiative lifetimes (∝ n3), strong and tunable long-distance (Van der Walls) interac-
tions (∝ n11), and sensitivity to electric fields (their polarizability rises as n7) offer a very
rich and complex physics. This last scaling means that the same electric field will induce
an energy shift more than 6 orders of magnitude stronger on a n = 80 state than on a
n = 15 state.
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FIGURE 2.1: Schematic view of the classical orbit of the outer electron in a
Rydberg atom (with high n number), showing the large extent of the outer
electron. In black is the ion core, the grey cloud represents the closed-shell
electrons. The blue orbit corresponds to a low l level, while the red orbit

correspond to a high-l level (l ≈ n− 1), so-called circular state.

For these reasons, Rydberg atoms are often attributed "exaggerated properties", quot-
ing the reference book on that matter[3]. The actual frontier between "regular" atoms and
Rydberg atoms is not firm however, and depends on the specific properties and condi-
tions at play. Rydberg atoms with principal quantum number around 40 to 60 are rou-
tinely used in laboratories, but states with n over 1000 have been studied[4].

The effect of an external electric field ~F on a Rydberg atom can be treated with the Stark
Hamiltonian HStark = −~d.~F with ~d the electric dipole moment of the system exposed the
field. This additional term in the electron potential lowers the ionisation threshold en-
ergy of the atom to EF = −2

√
F in the direction of the electric field. In fact the field Fion

at which a given Rydberg states of principal quantum number n ionizes can be approxi-
mated1 (in atomic units) by:

Fion =
1

16n4 (2.2)

This will be analysed more precisely in sections 4.1.2, but it is important to note that
Rydberg states ionise around a given electric field value.

On top of lowering the ionisation threshold, the electric field also shifts the energy
of Rydberg states, an effect called the Stark shift. A Stark map, showing the evolution
of the individual Rydberg states in an increasing electric field can be seen on figure 2.2,
featuring the field Fion as a dashed blue line.

This energy shift can be positive or negative, depending on the state. When it is nega-
tive, it means that the laser radiation to excite it from the ground state will shift towards
lower frequencies, i.e. towards the red part of the spectrum. Thus states with a negative

1this formula neglects Stark-shift of the states
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FIGURE 2.2: Computed Stark map of caesium around n = 25, between 0
and 2000 V/cm, with |ml | = 0. Low l states (l < 3) are explicitly labelled,
the others form the manifolds of indicated principal quantum number n. In
blue dashed line is the classical ionisation threshold (F = 1

16n4 ), and in orange
is the Inglis-Teller limit ( 1

3n5 ) where the manifolds of different n start to mix,
and marks the entry of the "spaghetti" region of the Stark map.
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Stark shift are called "red states", and states with a positive Stark shift are called "blue
states". Seeing the Stark effect as the orientation of the electric dipole ~d in the electric
field, this means that red-states have their dipole oriented along the electric field. In other
words, their Rydberg electron density is higher in the direction of the lowered potential.
This means that theses states have a higher probability of ionising, because their excited
electron is mostly close to the barrier, where the tunnelling probability is the higher.

"Blue states" will, following the same reasoning, have longer lifetimes regarding tun-
nelling ionisation. The Stark shift amplitude is proportional to the electric dipole of the
state, and as the electric dipole amplitude evolves as n2, the maximum Stark shift ob-
served in Rydberg states can be large in comparison with the Stark shifts of the ground
state, that are usually negligible. This energy shift also gives rise to state mixing, par-
ticularly after the Inglis-Teller limit where manifolds of different n mix (see the orange
dashed line on figure 2.2) and new quantum numbers must be defined (see section 2.3).
In most atoms this mixing complicates the energy level structure and makes the energy
level prediction very difficult. However, alkali metal atoms are simple enough so that it is
possible to predict precisely the energy levels of Rydberg states and their evolution under
the action of electric fields, as further explored in section 2.4.

2.2 Quantum defect theory in alkali metal atoms

Before introducing methods to compute the effect of electric fields on the energy levels, I
introduce the basic tools to describe the energy levels without an electric field. We already
saw the Rydberg energy levels formula in equation 2.1, but I present here its derivation
from scattering theory, giving us additional physical insight.

In an alkali metal Rydberg atom, characterised by a large principal quantum number
n, the outer electron is far enough from the other electrons constituting the closed-shell
ionic core that all these influences (the electron-core interactions) can be summed up in
a potential depending only on the distance to the core, V(r). This gives (in atomic units)
the non relativistic time-independent Schrödinger equation:

EΨnlm(~r) =
(
−1

2
∇2

r + V(r)
)

Ψnlm(~r) (2.3)

whose solutions are in the form

Ψnlm(~r) = Ψnlm(r, θ, φ) =
unl(r)

r
Ylm(θ, φ) (2.4)

where Ylm(θ, φ) is a spherical harmonic. With the use of an appropriate model potential
for V(r) (see equation 2.23 for an example), it is possible to numerically solve this equa-
tion for unl(r) and get the energy levels of Rydberg states. However, the quantum defects
approach provides more physical insights.

I plot on figure 2.3 the potential V(r) for caesium and compare it the potential in
hydrogen (−1/r). This allow me to define the distance r0 where both these potentials are
equivalent. Thus in an alkali-metal atom, for a large portion of space where r > r0, the
interaction with the core is very close to a pure -1/r potential. This interaction and the
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centrifugal term (in atomic units) gives:

V(r)r>r0 =
l(l + 1)

2r2 − 1
r

(2.5)

Thus the radial Schrödinger equation for r > r0 can be written as:(
−1

2
d2

dr2 +
l(l + 1)

2r2 − 1
r
− Enl

)
unl(r) = 0 (2.6)

This is a second order linear equation so all its solutions can be written as a linear
combination of any two linearly independent solutions. These base solutions for Enl =
ε are called fεl and gεl and can have various forms. We treat only bound state in the
following, so we take ε as the negative energy ε = −1/2ν2, with ν the effective quantum
number (defined as positive). A usual choice is to take the following asymptotic forms,
with D a parameter dependent on ν and l whose value is not important here:

fεl(r)r>r0 =

√
ν

π

(
sin(π(ν− l)) exp r/ν

Drν
− cos(π(ν− l))Drν

expr/ν

)
(2.7)

gεl(r)r>r0 = −
√

ν

π

(
cos(π(ν− l)) exp r/ν

Drν
+

sin(π(ν− l))Drν

expr/ν

)
(2.8)

fεl is called the physical solution, or regular solution, because it obeys the boundary
conditions for the pure Coulomb potential. gεl is the irregular solution because it is a
solution for the pure Coulomb potential but with an unphysical boundary condition. For
further use of these functions, we set gεl with a 90° phase lag behind fεl.

These two functions ( fεl and gεl) serve as basis for the solutions of equation 2.6, that
can be written as[5]:

ur>r0
nl (r) = N ( fl(r)− tan µlgl(r)) (2.9)

Here N is a normalization constant and µl in the phase shift for the lth partial wave2 (as
in scattering theory). The interpretation of such a decomposition is quite straightforward:
the term µl effectively mixes the pure Coulomb solution with the irregular solution due to
the complicated core potential. Here we introduced δl, the quantum defect, as δl = µl/π.

Inserting eqs. 2.7 and 2.8 into eq. 2.9 gives:

ur>r0
nl (r) =

N ′
cos (πδl)

(
sin (π(ν− l + δl)) exp (r/ν)

Drν
− cos (π(ν− l + δl)) Drν

exp (r/ν)

)
(2.10)

Since ν is defined as positive, this equation features a diverging term (exp (r/ν)) that must
be eliminated. The only way to achieve that is to make the pre-factor sin (π(ν− l + δl))
vanish. This condition gives:

π (ν− l + δl) = πz, z ∈ Z (2.11)

2in some references µ is called δ, but I reserve δ for the quantum defects
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We can now define the principal quantum number n as n = z + l and recall that ε =
−1/2ν2. The energy formula gives:

εnl = −
1

2(n− δl)2 (2.12)

This equation is given in atomic units, and the introduction of the Rydberg constant Ry
converts to SI units and gives the well-known Rydberg energy formula :

E(n) =
−Ry

(n− δl)2 =
−Ry
n∗2

(2.13)

This is therefore a derivation of equation 2.1. This formula is very close to the well-known
hydrogen state formula, the two differences being the presence of δl and the different
value of Ry. The Rydberg constant is indeed specific to each element, requiring a subscript
when considering a particular element (for hydrogen it is called RyH and for caesium we
use RyCs). The universal Rydberg constant Ry∞ is thus defined as the Rydberg constant
for an infinitely heavy core

The physical meaning of the quantum defect is clear from the above derivation, as the
influence of the finite-size core on the outer electron, similar to a phase shift of µl = πδl
at each revolution around the core. The bigger this phase-shift, the bigger the value of δl.

The subscript indicates that is depends strongly on the value of orbital quantum num-
ber l, but it is almost independent of n for n ' 10. The values of quantum defects and
of the Rydberg constant are obtained by fitting of a slightly modified formula (the Ritz
formula, that generalizes eq. 2.13 to spectroscopic data, the precision from these measure-
ments making the Rydberg constant one of the most accurately known physical constant
across all physics3.

Section summary
Quantum defect theory in alkali metal atoms

In this section I have introduced the quantum defect theory for alkali metal atoms
and derived the Rydberg formula. The main lesson of this derivation is that the
quantum defect δl, introduced to fit the energy levels with E = − Ry

(n−δl)2 , can also
be understood as a phase shift on the valence electron introduced at each recursion
around the ion core by the departure from a pure Coulomb potential. Thus the
quantum defect can be seen as a measure of the perturbation of the ion core on each
specific Rydberg state. We have seen that each l-level has a specific quantum defect
value, and that it does not depend on n passed n ' 10.

3even though it was recently shifted by over 6 σ as a result of progress in the resolution of the proton
radius puzzle
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2.3 Stark effect on Rydberg states: hydrogen

Now that we know how to describe the energy levels of Rydberg atoms, I can introduce
an electric field and see how this will be modified. As a first step I study the Stark effect
on the Rydberg states of hydrogen, neglecting the fine and hyperfine structures. When
a hydrogen atom is placed in a static electric field ~F = F~ez, the potential in which its
electron evolves (at distance r from the core) changes from V(r) = −1

r to:

V(r, z) = −1
r
+ Fz

The first order Stark effect lifts the degeneracy of the l levels (composed of ml sub-levels),
so l is no longer a good quantum number but ml is.

It is common to express the problem in terms of parabolic coordinates ξ and η as it is
fully separable in this representation:

ξ = r + z = r(1 + cos θ) (2.14)
η = r− z = r(1− cos θ) (2.15)

φ = tan(y/x)−1 (2.16)

As the (negative) field is lowering the ionisation threshold in the +z direction, this means
that the motion of the electron is bound in the η direction and the electron can escape in
the ξ direction (visible at high r on figure 2.3). The advantage of using parabolic coor-
dinates is apparent here because the solution wave-function to the Schrödinger equation
can be written as a product (hence separable):

ψF
εn1ml

= ψF
εβml

(ξ, η, φ) =
exp (imlφ)√

2π
ΞF

β(ξ)Υ
F
β(η) (2.17)

Here ε is the electron energy with respect to the ionisation threshold when F = 0. The
resulting Schrödinger equations (in the notation of Ref. [6]) are:[

d2

dξ2 +

[
−

m2
l − 1
4ξ2 +

β

ξ
+

ε

2
− Fξ

4

]]√
ξΞF

β(ξ) = 0, (2.18)[
d2

dη2 +

[
−

m2
l − 1
4η2 +

1− β

η
+

ε

2
+

Fη

4

]]
√

ηΥF
β(η) = 0 (2.19)

One thing to note about these equations is that ml appears squared, so it means states
with the same absolute value of ml will be energy-degenerate, in a direct consequence of
the Kramers degeneracy theorem[7].

The actual form of ΞF
β and ΥF

β feature two new quantum numbers n1 and n2 (called the
parabolic quantum numbers, equal to the number of nodes in ΞF

β and ΥF
β, respectively), as

well as the usual n and ml (remember that l is no longer a good quantum number). They
obey the rule:

n1 + n2 + |ml|+ 1 = n (2.20)

This means that giving n1, n2, ml, and n is redundant. To remove this redundancy
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FIGURE 2.3: Log-linear plot of the field-free atomic potential (in atomic
units) in function of its distance r to the ionic core experienced by the valence
electron of a caesium atom (yellow dashes) compared to the Hydrogen case
(black dash). For r > r0 these are similar. Also shown is the caesium potential
under an electric field of−5 kV/cm oriented along r (red solid line), which is
similar to field-free caesium for r < r0, to field-free hydrogen for r0 < r < r1
and to the (not shown) Stark potential of hydrogen for r > r1. On top of the
plots are indicated the potential in each region, the good quantum numbers,
the wave-functions for hydrogen and caesium and the transfer matrix U that

converts spherical wave-functions into parabolic wave-functions.
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FIGURE 2.4: Representation of the charge distribution along the electric field
~F for 4 of the 8 different combinations of n1 − n2 for the states n = 8, ml = 0.
It clearly shows that β quantifies the charge orientation along the field. The
real wave function are paraboloid of these shapes around the electric field

axis. Adapted from [8]

in the following we label the states with the parameter β, that is the charge separation
parameter. It is linked to the quantum numbers along:

β =
1
2
+

n1 − n2

2n
(2.21)

This parameter actually depends on ε, F, and ml and represents the fractional charge of
the bounded electron in the ξ (up-field) and η (down-field) directions. It is a good quan-
tum number for this problem, and has the advantage over n1 and n2 of not depending on
the particular choice of parabolic coordinates. Figure 2.4 clearly illustrates the physical
meaning of this quantum number as a charge separation along the field axis. If we take
a look back, the only difference between equations 2.18 and 2.19 is the sign of the electric
field term, and that β is changed to 1− β.

To establish the energy levels of hydrogen it is common to first compute ΞF
β and ΥF

β

with a null-electric field, and then add the electric field as a perturbation[3]. The first-order
perturbation gives:

ε(n, β) = − 1
2n2 + 3n2

(
β− 1

2

)
F (2.22)

This means that hydrogen features a linear Stark shift, and thus that the Stark effect
can be regarded as the orientation of a permanent electric dipole (given by β− 1

2 ) in the
electric field. The dipolar behaviour is apparent in figure 2.4. This also means for example
that for states with |ml| = 1 and the same n = 8 (called a multiplicity), the degeneracy of
the 7 states will be lifted, with slopes of the linear Stark shift spanning from −72 to +72
by increments of 24. Some states, that have β = 1/2 (a symmetric charge distribution, i.e.
no dipolar moment) will experience only a second-order Stark shift.

The use of perturbation theory to acquire the parabolic wave-functions means that
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we are once again limited to moderate field values. To go further we can include higher
order perturbations terms, but when approaching the field ionisation limit we must resort
to more elaborate techniques, that will be introduced in section 2.4.2. It is to note that
even for hydrogen, DC-Stark effect is by no means a completely-solved problem, and
recent progress has brought new methods with increased precision.[9–11] In the following
section we will see how we can use the results obtained in this section and apply them to
alkali metal atoms like caesium.

Section summary
Stark effect on Rydberg states: hydrogen

In this section I have presented an analytic derivation of the Stark effect on Rydberg
states of Hydrogen. It relies on the parabolic reformulation of the problem, and the
introduction of new quantum numbers: n1, n2. The Stark shift is found to be lin-
ear for states of the same n-manifolds, that can be interpreted as the orientation of
dipolar moment (characterised by the charge separation parameter β) in the elec-
tric field. In first order perturbation theory the Stark shift of the states is given by
3
2 n2

(
β− 1

2

)
F. Some states, with β = 1/2 feature no linear Stark shift, and second-

order perturbation theory is required to obtain their Stark shift. Using perturbation
theory implies that this view breaks down at high-field values, so more elaborate
methods need to be devised.

2.4 Stark effect on Rydberg states: alkali metal atoms

In nonhydrogenic atoms, the problem of the Stark effect constitutes a difficult problem to
tackle and we focus here on the case of alkali metal atoms, which constitute an already
simplified version of the problem thanks to their unique valence electron. The way to
simplify the problem of an alkali metal atom under an electric field is to devise regions of
space where different approximations are valid (see figure 2.3). We start by considering
the potential of the ionic core. Here the term ’core’ means the atomic nucleus with its
closed-shell electrons. This core is positively charged, has a finite spatial extension and a
complex structure, as well as a non-negligible polarizability αc. This creates a departure
from a pure Coulomb potential. The dynamics of the outer electron close to the ionic core
constitutes a complex many-body problem, complicated by the application of an external
field.

However, at very short range, the external electric fields attainable in the laboratory
are usually negligible in comparison with the core potential (see the comparison in figure
2.3), so it can be neglected for the treatment of the core. The core-potential Vl(r) experi-
enced by the electron can then be expressed as a parametric fitted potential[12]:

Vl(r) = −
1
r
(
1− exp−a1r−r (a3 + a4r) exp−a2r)− αc

2r4

(
1− exp−(r/rc)

6)
(2.23)
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The parameter rc cuts the non-physical behaviour of the r−4 potential at the origin and
the value of the four ai (i = 1, 2, 3, 4) parameters are l-dependent. A graphic comparison
with a pure Coulomb potential for a p-state can be found in the low-r region of figure 2.3.
This plot clearly features three different regions, delimited by two values of r called r0
and r1. Obviously r0 and r1 are not precisely defined but useful orders of magnitude are
typically a few bohrs for r0 (atomic unit of distance) and r1 is chosen so that:

r0 � r1 �
1√
F

The region of very low values of r, from the origin to r0 is the core region, constituting
a complex problem. Between r0 and r1 is the Coulomb region where both the electric
field and the many-body character are weak. This means that the problem is, to a very
good approximation, similar to a pure Coulomb potential. From r1 to infinity, i.e. in the
Coulomb-Stark region, the Stark shift is not negligible any more, but the core potential
is very similar to the Coulomb potential, so that the problem is similar to an hydrogen
atom under an electric field. The Schrödinger equation featuring the model potential of
equation 2.23 can be solved numerically to obtain energy levels, but it does not provide
as much information as an approximate analytic theory.

Many different methods have been devised over the years to obtain Stark shifts and
Stark maps in alkali metal atoms. We will rapidly review two of them (the matrix diago-
nalization method (MD) and the local frame transformation method (LFT)), focusing on
the accuracy of predicted energy levels at a given electric field, and the way of determin-
ing the lifetime of states in each method.

2.4.1 Matrix diagonalization

The most straightforward way to treat the problem of energy levels of alkali metal atoms
under an electric field is the diagonalization of the Stark Hamiltonian[13]. It is the method
implemented in the code "Alkali Rydberg Calculator" which is a Python library for com-
puting properties of Rydberg states of alkali metal atoms[14]. It starts with the expression
of the Hamiltonian of the atom under an DC-electric field in function of the zero-field
HamiltonianH0:

HStark = H0 + Fẑ (2.24)

This Hamiltonian can be diagonalised in the zero-field eigenstates basis set (taken as
|nlml〉 or |njmj〉 without and with the spin-orbit interaction respectively), giving new
eigenstates with corresponding Stark shifts. The electric field mixes states with the rule
∆ml = 0 and ∆l = ±1, and l is no longer a good quantum number but ml still is.

This method provides energy levels and state mixing up to a good precision at low
field but is rapidly limited by the necessity to include more and more basis states as the
electric field goes up. Furthermore, the method includes only bound states, so states
near the ionisation limit are not well described and no insight into ionisation rates can be
obtained.

One way to improve the description of ionisation is the complex absorbing potential
method. The starting point is the addition of a complex term −iηŴ to the atomic Hamil-
tonian Ĥ, giving a non-hermitian Hamiltonian ĤCAP = Ĥ − iηŴ. Several expressions



2.4. Stark effect on Rydberg states: alkali metal atoms 69

have been used for Ŵ, such as Ŵ = r̂6[15], a Heaviside function[16] or a combination of
these two[17].

In the usual implementation, Ŵ has no adjustable parameter and the parameter η has
to be evaluated for each resonance at each value of the electric field. It is also possible to
parametrize Ŵ with rcut−o f f (F), that will represent a radial cut-off of the complex poten-
tial depending on the electric field, so that η can have the same value in a whole region
of the spectrum, thus reducing the computational needs[17]. This radius is typically taken
as the saddle point in the Stark Hamiltonian of the atom:

rcut−o f f (F) =
1√
F

The direct interpretation of the effect of the complex potential −iηŴ is the absorption
of the outgoing wave at long range, giving its name to this method[18]. The eigenvalues
εc of the complex Hamiltonian can be expressed with the real eigenvalues εr in the form:

εc = εr − i
Γ
2

In this relation Γ is the ionisation rate of the considered state. This method has shown
good agreement with experimental results, even above the classical ionisation threshold,
for energy levels as well as for ionisation rates[17,19].

A similar approach to this method is the introduction of complex rotation into the
description of the atom under an electric field. It consists in the substitution of complex
operators for position and momentum in the Hamiltonian along r̂ ← r̂ × exp(iθ) and
p̂ ← p̂ × exp(−iθ), with θ a free-parameter that needs to be determined for a certain
range of resonances. This transformation results in a non-Hermitian Hamiltonian featur-
ing complex eigenvalues, that can be used to obtain energy levels and ionization rates[20].

In particular it transforms a scattering state (with terms like exp(i~k ·~r)) into a bound
state with a boundary condition (typically exp(−2k sin θr)). As the eigenfunctions are
square-integrable and vanish asymptotically, the ionisation rate can be found by diago-
nalization of the non-Hermitian Hamiltonian matrix.

During the course of this work I used the matrix diagonalization method only occa-
sionally, but relied heavily on another method, implemented by F. Robicheaux in a code
at our disposal. In the next section I introduce the main ideas of this method and derive
its main results.

2.4.2 Local frame transformation theory

A number of other methods have been described and used for the computation of energy
levels and photoionisation spectra of alkali metal atoms, but we won’t attempt to give an
exhaustive review of all: R-matrix theories associated with complex rotation[21], multi-
channel incoherent Landau-Zener model[22], complex eigenvalue Schrödinger equation[23],
B-spline-based coordinate rotation method[24] or operator perturbation theory[25] are ex-
amples of the many different approaches in the literature. In this section, we will focus
instead on an approach called the Local Frame Transformation (LFT) theory, that some-
times also holds the name of its main initiator, David A. Harmin[6,26,27]4.

4Even though it should probably be called Fano-Harmin theory[28,29]
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This method fully exploits the core/short/long range separation presented in figure
2.3. In a nutshell, the long-range is treated as an hydrogen atom, in parabolic coordinates,
and we replace the complicated dynamics of the electron in the non-Coulomb core po-
tential (at short range) by a number (the quantum defect) that quantifies the deviation
to a pure Coulomb potential. Transfer matrices from spherical to parabolic coordinates
are used to correlate the wave-functions of the different regions. As far as the long-range
dynamics is concerned, this constructs an accurate description.

Local-frame transformation in hydrogen

As this description entirely rests on the hydrogen treatment, I first derive the meaningful
quantities in this simple case, and then apply the corrections necessary to account for the
differences between hydrogen and alkali metal atoms.

I introduce the Hamiltonian of a neutral hydrogen atom in an electric field F along the
z axis as:

H = −1
2
∇2

r −
1
r
+ Fz (2.25)

The Stark term Fz has a cylindrical symmetry and is negligible below r0, and the first two
terms have spherical symmetries. Thus the short range (r < r0) has spherical symmetry
while the long range (r > r0) has only cylindrical symmetry (around the z axis imposed
by the electric field).

We recall from section 2.3 that ψF
εβm is the regular wave-function associated with this

Hamiltonian, in parabolic coordinates. At zero field, each discrete stable (ε < 0) Ryd-
berg level has its energy depending only on n, and has n2 degenerate wave-functions
ψεlm

5 naturally expressed in spherical coordinates, but these wave-functions can be also
expressed in parabolic coordinates. Thus we have the transformations[30]:

ψF=0
εβm =

n−1

∑
l=m

Uεm
βl ψεlm (2.26)

As ε is a good quantum number, we can write the following energy normalization[6]:∫
ψF

ε′βmψF
εβmdτ = δ(ε′ − ε) (2.27)

with δ the Dirac function. This condition can also be written as an energy-dependent nor-
malisation factor NF

εβm in ψF
εβm

[6]. This normalisation factor depends on the behaviour of
the wave-functions at large r (where the Stark field is important), but we are most inter-
ested in the coordinate transformation (between spherical and parabolic) at small r. This
means that we would like to express the transformation matrix Uε

β (all underlined quan-
tities are matrices) without the influence of the long-range details. To do that, I now con-
sider only the "energy-normalised" wave-functions (normalised by the energy-dependent
factor NF

εβm), with an electric field and in parabolic coordinates: ψF
εβm/NF

εβm and with-
out electric field in spherical coordinates: ψεlm/Nεlm. We also use the fact that, since
we removed any long-distance deviation due to the electric field, at r ≤ r1, ψF

εβm/NF
εβm ≈

ψF=0
εlm /NF=0

εlm .

5in the following we use ε instead of n and m for either ml or mj



2.4. Stark effect on Rydberg states: alkali metal atoms 71

This helps us write the extension at any field F of the transformation relations from
equation 2.26, that holds only at r < r1

6:

ψF
εβm

NF
εβm

=
n−1

∑
l=m

aεm
βl

(
ψεlm
Nεl

)
(2.28)

ψF
εβm =

n−1

∑
l=m

[
aεm

βl

NF
εβm

Nεlm

]
ψεlm =

n−1

∑
l=m

Uεm
βl ψεlm (2.29)

ψεlm = ∑
β

(
U−1

)εm

lβ
ψF

εβm (2.30)

The coefficients a are purely geometrical, and can be seen as a projection of ψF=0
εβm onto the

associated Legendre polynomials Pm
l (cos θ)[28]. They depend on F only via the values of

β, as we put F = 0 to compute their values. I note here that the third relation explicitly

postulates the existence of the inverse transformation
(

U−1
)ε

β
to go from parabolic to

spherical coordinates. This is not fully justified, and will introduce some errors in the
theory, as explained in section 2.4.3.

Application to photo-ionisation: hydrogen

The transformation between spherical and parabolic coordinates established in equations
2.28, 2.29,2.30 will help establish the photo-ionisation cross-section under an electric field.
I start with the cross-section for the absorption of a photon of energy ω = ε + 1/2 from
the ground state of hydrogen |g〉, given by the incoherent sum over all independent con-
tinuum channels (characterised by their value of β)[6]:

σF(ε) = (4π2α)h̄ω ∑
β

|〈ψF
εβm|r̂|g〉|2 (2.31)

with α the fine-structure constant and r̂ the appropriate operator (i.e. r̂ = r cos θ for π

polarisation and r̂ = r sin θ exp(±iφ)/
√

2 for σ± polarisation). As the spatial expansion of
the state |g〉 is located around the origin, we can safely use the transformation of equation
2.29 to expand the parabolic functions ψF

εβm into spherical functions ψεlm:

〈ψF
εβm|r̂|g〉 =

∞

∑
l=m

Uεm
βl 〈ψεlm|r̂|g〉 (2.32)

The ground state has l = 0 so the dipole selection rule of ∆l = ±1 suppress all terms but
the l = 1 one, and we have[26]:

σF(ε) = (4π2α)h̄ω|〈ψε1m|r̂|g〉|2
∞

∑
β

(
Uεm

β1

)2
= σF=0(ε)

∞

∑
β

(
Uεm

β1

)2
(2.33)

6This transformation is allowed in this range because the spherical and parabolic wave-functions are
solutions to the same Schrödinger equation
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with σF=0(ε) the zero-field photoabsorption cross section of this transition. The remain-
ing term contains all the field-dependent modulation of the cross-section, determined by
the mixing of spherical channels with open parabolic channels. In eq. 2.33 it is written for
a single photon absorption from the ground state, but in most experiments the transition
towards the ionising state will be done in at least two steps, thus involving an intermedi-
ate p state.

A generalization to two-steps ionisation involving l and l′ levels (the intermediate
and ionising states respectively) requires the introduction of the energy-dependent mod-
ulating factor matrix HF that will be responsible for the shape of the photo-ionisation
spectrum, and whose elements are given by HF

l′l :

HF
l′l(ε) = 〈ψεl′m′ |HF|ψεlm〉 = δm′m ∑

β

Uεm′
βl′ Uεm

βl (2.34)

This factor stems from the fact that, with F 6= 0, the |ψεlm〉 states (see equation 2.29) are
not orthonormal because the field F mixes different l-channels, so that overlaps between
|ψl〉 and |ψl′〉 are non-zero. In other words, in the normalisation condition of the |ψεlm〉
states, the δll′ term is replaced by

[
(HF)−1

]
l′l

:

〈ψε′l′m′ |ψεlm〉 =
[
(HF)−1

]
l′l

δm′mδ(ε′ − ε) (2.35)

In hydrogen, HF = DF where DF is the density-of-states matrix that represents the
ability of the outer field to absorb the photo-electron[26]. Indeed, during the photo-ionisation
of an atom, the spherical wavefunction of the ejected electron is redistributed over a range
of field-dependent, parabolic open channels, and the information about these channels is
comprised of DF. As the axial symmetry around z is conserved, m stays a good quantum
number so that 〈ψm|ψm′〉 = δmm′ . Thus we can express the field-dependent generalized
form of the hydrogenic photo-ionisation cross-section[6]:

σF(ε) = (4π2α)h̄ω ∑
l′l

〈ψi|r̂|ψl′〉〈ψl|r̂|ψi〉
〈ψε′l′m|ψεlm〉

= ∑
l′l

σF=0
l′l (ε)HF

l′l(ε) (2.36)

where |ψi〉 is an intermediate state still localised where the Stark effect in negligible, and
the transition from the ground state to this state is saturated.

This result is remarkable, as it clearly shows that the modulation of the spectrum from
the electric field will come only from the final state, and not on the initial state. Informa-
tions about the initial state and the strength of the particular transitions between states
will be included solely in σF=0(ε).

Application to photo-ionisation: alkali metals

The results on hydrogen will be very useful to extend the theory to alkali metal atoms.
The Stark-Hamiltonian for an alkali metal atom can indeed be written:

H = −1
2
∇2

r + Vs(r)−
1
r
+ Fz (2.37)
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where Vs(r) was null for hydrogen (see 2.25) and is equal to Vl(r) + 1/r for an alkali metal.
Vs(r) is thus a spherically symmetric potential, that is negligible above r0 (as shown on
figure 2.3). This means that the Hamiltonian for an alkali-metal atom has the same sym-
metries that for hydrogen, and the same transformations between spherical and parabolic
coordinates can be applied.

Let Ψr0<r<r1
εlm be the electronic wave-function for an alkali-metal atom in the Coulomb

region (see figure 2.3) after the absorption of a photon. We can write it in function of
the energy-normalized hydrogenic spherical regular fεl and irregular functions gεl (see
section 2.2)7

Ψr0<r<r1
εlm (r, θ, φ) = cos δl ( fεl(r)− tan δlgεl(r))Ylm(θ, φ) (2.38)

Explicit spherical harmonics give:

Ψr0<r<r1
εlm (r, θ, φ) =

[
exp(imφ)√

2π

]
Plm cos θ (cos δl fεl(r)− sin δlgεl(r)) (2.39)

The influence of the ion core on this wave-function is completely described by the
values of δl (and thus of δl the quantum defects). We now must establish the link to
the outer region (the Coulomb-Stark region, in parabolic coordinates) with the help of
the derivation on hydrogen. As Ψr0<r<r1

εlm (r, θ, φ) is energy normalised we can apply the
same transformation between spherical and parabolic coordinates. We recall here (see
equation 2.17 and figure 2.3) that ΞF

β(ξ) is the hydrogenic regular parabolic eigenfunction
in the ξ direction while ΥF

β(η) is the hydrogenic regular parabolic eigenfunction in the η

direction. We define also Υ
F
β(η) as the hydrogenic irregular parabolic eigenfunction in the

η direction. This irregular function has a certain phase shift to ΥF
β and in the high η limit

this phase shift is called the asymptotic phase shift γF
β .

We recall the hydrogenic energy-normalised total wave-function in parabolic coordi-
nates: the regular is taken as ψF

εβm (defined in equation 2.17) and the irregular as χF
εβm.

We define the latter as:

χF
εβm(ξ, η, φ) =

exp(imφ)√
2π

ΞF
εβm(ξ)Υ

F
εβm(η) (2.40)

Energy normalisation and "continuum-normalisation" of these functions have the follow-
ing consequences[6]:

〈ψF
ε′β′m′ |ψ

F
εβm〉 = 〈χF

ε′β′m′ |χ
F
εβm〉 = δ(ε′ − ε)δβ′βδm′m (2.41)

〈ψF
ε′β′m′ |χ

F
εβm〉 = 〈χF

ε′β′m′ |ψ
F
εβm〉 = cos

(
γF

β

)
δ(ε′ − ε)δβ′βδm′m (2.42)

We continue with the reformulation of equation 2.25 in the Coulomb region (where
r0 < r < r1), where the Stark term is negligible, as:[

ε +
1
2
∇2

r +
1
r

]
Ψ = Vs(r)Ψ (2.43)

7note that the definition is different but close to equation 2.9
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This clearly shows that Vs(r) can be treated as an inhomogeneity8 in the Schrödinger
equation. These kinds of differential equation can be solved using the appropriate Green’s
function GC(r, r′) (equation 4.107 in ref. [31]), that solves the particular equation:[

ε +
1
2
∇2

r +
1
r

]
GC(r, r′) = δ(r− r′) (2.44)

This equation is not enough to uniquely define a Green’s function in this range, but the
boundary condition that we put at r = 0 ( fεl = 0 and gεl with π/2 phase lag behind
fεl) fixes the value of the Green’s function uniquely. This means that the Green’s func-
tion in parabolic and spherical coordinates are the same (GC(r, θ, φ) ≡ GC(ξ, η, φ)) in the
Coulomb region.

These Green’s functions can be expressed in function of fεl and gεl and in function of
ψF

εβm and χF
εβm respectively. This leads[6] to the following relations between the parabolic

and spherical eigenfunctions, analogous to equations 2.29 and 2.30 :

ψF
εβm(~r) = ∑

l
Uεm

βl fεl(~r) (2.45)

χF
εβm(~r) = ∑

l
sin
(

γF
β

) (
tUεm

βl

)−1
gεl(~r) (2.46)

This gives also:

fεl(~r) = ∑
β

(
Uεm

lβ

)−1
ψF

εβm(~r) (2.47)

gεl(~r) = ∑
β

tUεm
lβ csc

(
γF

β

)
χF

εβm(~r) (2.48)

Combining equations 2.39, 2.47 and 2.48 we have this expression of the alkali wave-
function valid for r > r1:

Ψεlm(~r) =
[

exp(imφ)√
2π

]
Plm cos θ ∑

β

ΞF
β(ξ)

[
cos δl(U−1)εm

lβ ΥF
β(η)−

(
sin δl

tUεm
β csc γF

β

)
Υ

F
β(η)

]
(2.49)

Once again we need to orthonormalize the set of the Ψεlm functions. This is done with
the help of the fact that the ΞF

β functions are orthogonal and with equations 2.41 and 2.42:

〈Ψε′l′m′ |Ψεlm〉 =
(

cos δl − sin δl ∑
β

Uεm
βl′ cot

(
γF

β

)
Uεm

βl

)(
∑
β

Uεm
βl′U

εm
βl

)
(2.50)

We can define another matrix quantity hF, analogous to HF, whose elements are de-
fined as:

hF
l′l = ∑

β

Uεm
βl′U

εm
βl cot(γF

β) (2.51)

8a non-zero second term in a differential equation
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FIGURE 2.5: Stark map of caesium from individual photoabsorption spectra
computed with our implementation of the LFT theory. The channels included
in this calculation correspond to the absorption of a photon with polarisation
π from the 7S state. Each spectra (with a different color) is computed at one
electric field value, and its horizontal position indicates the value of the elec-
tric field. The dashed orange line is the classical ionisation threshold. Param-
eters are chosen to go 100 cm−1 higher than this limit all over the negative
energy range. The inset shows a more detailed Stark map in the vicinity of
the classical ionisation threshold. Ionisation rates of individual levels can be

extracted from the width of the lines.

An important point to realise is that the sum of equation 2.51 is over all the open
parabolic channels characterised by values of β < 1. Equation 2.51 allows the reformu-
lation of equation 2.50 in terms of the density of state matrix, for alkali:

DF = 〈Ψ′|Ψ〉−1 = {
(

cos δl − sin δlh
F
) (

HF
)−1 (

cos δl − hF sin δl

)
+ sin δl H

F sin δl}−1

(2.52)
with the curly brackets indicating a matrix, and δl diagonal matrices with quantum de-
fects. Finally we arrive to the photo-ionisation cross-section for an alkali-metal atom,
constructed as a generalisation of the hydrogen result:

σF(ε) = ∑
l′l

DF
l′lσ

F=0
l′l (ε) (2.53)

From that expression, it is possible to compute photoabsorption spectrum at any given
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field, even above the classical ionisation threshold (but it is restricted to ε < 0). An
example of such a computation is visible on figure 2.5, where a Stark map of caesium is
reconstructed from multiple calculations at different field amplitudes, from −400 cm−1

to +100 cm−1 over the classical ionisation threshold. This figure shows that the theory
gives the shift in energy of the Rydberg states in function of the electric field (the Stark
shift), but also the ionisation rate of individual atoms, thanks to the linewidth of the peaks
present in the spectra. The description of the states included in this calculations involves
the spin-orbit coupling (see section 3.1.3), and include all states with mj = 3/2.

The framework of LFT is applicable to any atom because all the specific information
about an atom is included in the zero-field parameters σll′ and δl. This approach is in
fact very general, and has also been applied to more complex problems like the influ-
ence of an electric field on two valence electrons atoms[32,33], noble gases[34] or molecular
hydrogen[35]. Its accuracy is overall remarkable, considering its computational low-cost.

2.4.3 Generalized local frame transformation

Over the years the improvements in the accuracy of Stark spectroscopy and photo-ionisation
microscopy9 showed non-negligible discrepancy between the predicted and measured
energies, up to 1000 ppm[21,33]. This called for a revaluation of LFT core hypotheses, what
was done in the beginning of the 2010s.

A careful look on LFT[37–39], showed that when the field is low, it does not conserve the
angular momentum because it considers only physical, open channels (with β < 1). This
could then decrease the precision of the theory when describing states with high-l com-
ponents. This was resolved[29] by extending the sum in 2.49 to the limit β → ∞. A clear
source of errors comes from the assertion that there always exists an inverse transforma-
tion to match the regular spherical function (with a well-defined l number) to the regular
parabolic eigenfunction, as defined in equation 2.30. This is further used in the LFT theory
to define Green’s functions in spherical and parabolic coordinates in the Coulomb region,
that are supposedly uniquely defined. Ultimately, this assumption gives a way to map
irregular function’s from spherical to parabolic coordinates. However, this assumption is
false and the inverse transformation U−1 does not always exist[40].

Another way to understand these errors is that even if the external field is low in
the Coulomb region, it is enough to mix different l-states, which makes the matching of
spherical and parabolic irregular functions approximate[40]. In order to improve its ac-
curacy, the theory was reformulated in the Lippmann-Schwinger formalism, as the gen-
eralized local frame transformation (GLFT) theory[29]. Figure 2.6 shows a comparison of
LFT and GLFT with a full numerical calculation for a photo-absorption spectrum in Na
under a 4 kV/cm electric field. It clearly demonstrates the improvement from LFT, with
an accuracy around 50 times better. Aside from the improved accuracy, this theory lays a
systematic pathway to improve the initial LFT theory, and can be applied to other prob-
lems such as ultra-long Rydberg molecules[41] or easily include relativistic and spin-orbit
corrections[29].

The code that I used for the computation of all Stark spectra (presented in figure 2.5
and beyond) was written by Francis Robicheaux, and implements the standard LFT the-
ory with quantum defects inputs, with the addition of spin-orbit interactions, but without

9a technique that allows direct visualisation of the expanding wavefunction of an emitted electron[36]. It
gives access to differential cross sections, that can easily be compared with computed values in the theory.
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FIGURE 2.6: Calculated photo-absorption spectra from Na under a 4 kV/cm
electric field, from ref. [29] comparing LFT theory (gray dots) with their
GLFT (black dots) as well as a full numerical calculation (Time-dependent
Schrödinger Equation (TDSE)) (orange solid line) for reference. It shows that
the LFT theory has errors in the 500 MHz to 1000 MHz range, while GLFT’s

errors are in the 0 MHz to 20 MHz range.

the input from zero-field photoabsorption cross-sections. I modified it slightly to increase
the dimensions of internal vectors and matrices (to increase the energy range) and to ac-
tualise the values of quantum defects to higher accuracy.

Section summary
Stark effect on Rydberg states: alkali metals

In this section I have presented two of the main methods to treat the Stark effect
in alkali metal atoms: the matrix diagonalisation method and the LFT theory. I in-
sisted on the latter, which is based on the space-separation possible in the Coulomb-
Stark problem. I presented a derivation of the main results, showing how we can
construct a full photo-absorption Stark map from just a set of quantum defects and
field-free cross-sections, with the help of the formula:

σF(ε) = ∑
l′l

DF
l′lσ

F=0
l′l (ε) (2.54)

In this formula, DF is the density of state matrix that contains all field-dependent
spectral information. This theory will be the basis for all the experimental and the-
oretical investigations, thanks to its ability to predict precise energy levels around
the ionisation threshold, as well as ionisation rate in the form of spectral linewidth.
I finally presented some new developments of the theory, that should expand its
usability and usefulness even more.
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2.5 Conclusion on the theoretical treatment of Stark effect
on Rydberg atoms

In this chapter I introduced the theoretical treatment of the effect of an electric field on Ry-
dberg states of hydrogen and of alkali metal atoms. I provided a derivation for the well-
known Rydberg formula, showing that it gives a good physical insight into the mean-
ing of quantum defects, that represent the phase-shift acquired by the outer electron at
each revolution around the ionic core. This led me to the different methods based on the
quantum defect theory that can be used to obtain precise energies and ionisation rates of
strongly Stark-shifted Rydberg states. In particular I insisted on the local-frame transfor-
mation method, that provides photo-ionisation spectra from quantum defects and field-
free photo-absorption cross sections, even well over the classical ionisation threshold.

To the best of our knowledge, no extensive study has yet compared the results of
this theory to experimental data in caesium, at least to the level of precision needed for
our purpose. In the next chapter I present such a study, whose purpose is to verify the
energy-precision of this theoretical method. The LFT theory predicts not only the energy
levels of highly-Stark-shifted Rydberg states, but provides a full spectrum. This means
that the energy levels can also be attributed linewidth (and thus lifetimes or ionisation
rates), and transition amplitudes. Being able to predict the value of these two quantities
is also very important in the context of the realisation of a new electron source, because
we need intense transitions and rapidly ionising states. In the next chapter I will thus also
present some semi-quantitative comparison between experimental and theoretical (LFT)
ionisation rates and transition intensities.
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Chapter 3

Experimental Stark maps

There’s no reason to be agnostic
about ideas that are dramatically
incompatible with everything we
know about modern science.

Sean M. Carroll

In the last chapter we have seen ways to calculate the effect of electric fields on the
energy levels of Rydberg states, and even to gain insights into their ionisation from the
LFT theory. In this chapter we will experimentally confirm the precision of this theory
both for the prediction of the position of strongly Stark shifted Rydberg states as well as
for their ionisation rates.

We begin with the presentation of the experimental set-up that has been used for the
acquisition of experimental Stark maps. Its purpose is to form Rydberg atoms from neu-
tral caesium atoms and detect produced electrons while scanning an ionising laser. This
set-up (entirely designed, and built during this thesis) allows us to compare the LFT com-
putation with experimental values, and to confirm the utility of this theoretical method
into our application.

3.1 Experimental set-up for the acquisition of Stark map

The experimental set-up is composed of four principal components: the electrodes, the
caesium oven, the lasers and the spectrometer. In this chapter we ignore the role of the
spectrometer, that will be dealt with in detail in chapter 4, but we must keep in mind that
the presented images feature the detection (x) horizontal axis as a projection of the (z)
energy axis in the ionisation zone. Figure 3.1 shows a cut of the electron source featuring
the other three parts.

3.1.1 Electrodes

The five electrodes are based on the published HREELM design[1], and a planar cut can
be found in figure 3.2. Each electrode has a number that will be used throughout this
section. These electrodes consists of disk of stainless steal separated by rings made of
PEEK1. All electrodes have a thickness of 1 mm except electrode number 5 that is thicker.

1An organic polymer adapted for ultra-high vacuum and a good electric isolator
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FIGURE 3.1: Mechanical setup of the electron source featuring the electrodes
and the three lasers: the 852 nm, the 1470 nm and the Ti:sapphire laser (Ti:Sa),
as well as the neutral caesium atoms beam and the produced electron beam.

This electrode also has smaller inner diameter at its left end, that is used to align the elec-
trodes when they are mounted. Indeed, a rod of diameter 1 mm with a 0.8 mm diameter
head is inserted into the inner bores of the electrodes and their are fixed on the mounting
PEEK piece. This ensures a common central axis on the electrodes. The spacing between
electrodes is realized by precisely cut PEEK rings.

Electrodes 1 and 5 determine the electric field in the ionisation zone (the extracting
field) and the starting potential of the electrons, while electrodes 2 and 3 can be freely
adjusted to tune the focus of the electron beam. Electrode 4 is kept at ground-potential so
that electrons reach their final speed at the end of the electrode stack and are not sensible
to further ground-potential parts (like vacuum chamber walls, or screws).

All electrodes are held at potentials in range−2 kV to 1 kV with ISEG voltage supplies
with less than 7 mV rms ripple. To produce an electric field with an appropriate sign,
electrode 5 must always be at a lower potential than all the other electrodes. Typical
values in our studies are given in the caption of figure 3.2).

The neutral caesium beam crosses the ionising lasers at the center of electrodes 5 and
1, as depicted on figure 3.1. Electrons are created at a potential Vin ≈ V5+V1

2 . This value
determines the kinetic energy of the electrons from electrode 4 to the detector.

The precise determination of the starting electric field is trickier because of the holes
in the electrodes, as well as a possible mechanical variation of the distance between elec-
trodes 1 and 5 from the supposed 4 mm. The naïve value would be F = (V5−V1)

0.4 V/cm,
but the simulation presented in figure 3.2 gives a field of −2164 V/cm at the center of the
electrodes, instead of the naïve value of −2175 V/cm. We will see in section 3.2 how we
can refine the actual starting electric field with the help of theoretical calculations.

For further discussion of the experimental set-up we need to provide a frame of ref-
erence: we define the electron optical axis as Z, from the electron source to the detector,
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FIGURE 3.2: Planar cut of the electrodes in the set-up, reproduced in the
Simion software, with laser beams superimposed. Numbers on electrodes are
their names, while distances between electrodes and inner diameters are indi-
cated in mm. Field lines are represented for potentials equal to V5 = −1870 V,
V1 = −1000 V, V2 = V4 = 0 V and V3 = −1300 V. Red lines are separated
by 10 V/cm, blue lines are every 2 V/cm and green lines are separated by

0.2 V/cm. .

along with the direct orthogonal X and Y directions. The electric field created by elec-
trodes 5 and 1 is thus oriented along Z, as this is the revolution axis. This first frame of
reference is depicted on figure 3.1, and is further called the blue frame of reference.

After the electrodes we placed three pairs of electrostatic deflectors, two pairs acting
in the Y direction while the middle pair acts on the X direction. These are essential to
correct the misalignment of the electrodes relative to the optical axis of set-up. Each pair
is composed of two half-cylinder (cut in length) of stainless steal, put at the same potential
amplitude but with opposite sign. This deflects the beam of electrons efficiently, and a
few V are usually enough to correct misalignments. Having two pairs acting in the same
direction, separated from a non-zero distance, allows us to correct the angle as well as the
position of the beam, while a single pair can only correct an angle.

3.1.2 Caesium oven

In our set-up the electrons are produced from the ionisation of an atomic beam of caesium.
This atomic beam originates from a standard effusive oven, as can be seen on figure 3.3.
This figure features a photograph of our caesium oven as well as a schematic of its differ-
ent parts. The important part is the inner tube, that creates the caesium beam. This tube
is in alumina, but we also used copper, and stainless steal tubes on this set-up, as well as
other materials on another set-up. This tube is mechanically held by the copper gasket
that separates the caesium reservoir from the rest of the vacuum chamber. This allows
the other end of the tube to be very close to the electrodes, without mechanical support
in this area of high voltage. However, it requires that the length of the alumina tube is
precisely chosen so that if fits with the gasket-electrode distance.

The caesium reservoir is heated to temperatures around 100 °C, which creates a dense
vapour on top of the liquid lump of caesium. The atoms in this vapour collide with the
walls of the chamber, stick to it, re-condensate and drops or are scattered away. Some of
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FIGURE 3.3: Photograph and schematic of our caesium oven (inner parts
are shown through open ellipsis). A lump of caesium is placed in the CF16
tube on the left. A heating band is wrapped around the tube and covered
with aluminium foil to improve the isolation of the heating part and allow
higher temperature with less heat diffusion. The area of the liquid caesium
is separated from the rest of the chamber by a small tube in Al2O3 plugged
in a copper disk that plays the role of a gasket as well as the mechanical sup-
port for the tube. A valve is used to isolate the caesium from the rest of the
experiment, both to easily refurbish the oven when empty and to protect the
caesium when the set-up is vented. The inner tube in alumina is heated by a
separate heating coil, and its temperature is monitored by a K-type thermo-
couple. Atoms are driven directly to the center of the electrodes by the inner

tube.
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FIGURE 3.4: Photograph of the dismounted inner tube of the caesium oven.
This end normally arrives at the back of electrode 5. We can see the heating
wire finely coiled and isolated on top by patches of Kapton tapes. At the end
of the tube the heating wire is fixed with Thorseal to keep it in place and

avoid uncoiling.

these atoms have their velocity oriented along the opening of the inner tube and make
their way to the other side of this tube. The end of the tube stops a few mm away from
the back of electrode 5 (see figure 3.1), so atoms that exit the tube are directly flying in the
center of the electrodes.

A difficult aspect to realize experimentally an efficient caesium oven is to have the
temperature of the tube higher than the temperature of the caesium reservoir. It is im-
portant because otherwise the caesium atoms could re-condensate in the tube and clog
it. This implies that the tube needs to be heated separately from the caesium reservoir.
When the inner tube is in metal, this means that heating can be applied only with a non-
conducting material. However, heating coils are always in slightly conductive metal (sim-
ply because they use Joule effect to heat). They can then be covered in an isolating mate-
rial like a ceramic to allow heating a conductive material, but this creates additional me-
chanical constraints. In particular, the minimum curvature we can apply to these heating
coils tends to be a lot higher than the required curvature to fit the inner tube. In addi-
tion to the heating wire we need a temperature measurement directly on the tube. This is
achieved here by a very small K-type thermocouple that is glued on the tube around its
center.

This is one of the reason we decided to use a non-conductive tube in Al2O3, to be able
to use simple and very cheap resistive heating coil to heat the tube under vacuum. The
additional reason for this choice is that alumina is one of the only easily available material
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that caesium does not rapidly reduce. On figure 3.4 we can see the dismounted inner
tube, with its resistive heating coil. Obviously, good care must be taken when coiling this
conductive wire around the tube so that no shortage happens, that would result in cold
areas of the tube. The coiling must also be quite dense and regular, because alumina is
a poor heat conductor and we want to minimize temperature gradient inside the tube.
A downside of alumina is its fragility, particularly with this length and small diameter.
Extreme care was necessary to assemble the whole apparatus without breaking this tube,
or dismantle the heating coils.

Various materials have been tested during this work, and at one point I even con-
structed a totally dedicated set-up to perform oven studies, with the possibility to heat the
tube at temperature around 1000 °C. However, the peculiar properties of caesium (very
high reactivity towards oxidation from water or air traces, formation of dimers at high
temperature[2,3], very high sticking coefficients on most surfaces, increased sticking coef-
ficients with the presence of oxygen[4,5]...) give rise to sometimes surprising behaviour[6].
The associated oven performances are thus hard to predict from simple considerations,
and often not easily repeatable. This makes definitive conclusions on the oven, and defini-
tive ways to improve its emission quite hard to draw. As a result, these studies were
not conclusive, and are still going on in our laboratory, in collaboration with the Orsay
Physics company that is specialised in focussed ion beam technologies.

I also performed an extensive literature search to seek a material with the smallest
caesium sticking coefficient. Indeed caesium has the tendency to stick on every surface,
thanks to its very low work function (the lowest of all elements), which leads to decreased
values of flux and brightness. A direction of improvement for effusive ovens is thus to
replace the tube material by an appropriate material that is able to minimise caesium
sticking. I found several promising candidate materials:

• Nickel, that is one of the rare metal that is chemically inert towards caesium[6]. Sev-
eral nickel-based alloys were also considered like Inconel, an alloy used in nuclear
reactors.

• Coatings materials that are used in alkali-metal vapor cells to enhance the coherence
time of spin-polarised states. The rationale being that if the alkali-metal atoms don’t
decohere at the contact with the coated-surface, the atoms don’t interact strongly
enough to stick to the surface. In other words, long coherence times is a sign
that chemisorption (i.e. sticking) is strongly suppressed. The standard coating is
paraffin[7], a straight-line alkane, allowing up to 10000 collisions before decoher-
ence. Alkene-based coatings have proven extension of coherence time of at least
two orders of magnitude, up to the order of 1 min[8,9]. However, these materials
are fragile and not stable at the temperature that we use to vaporize the caesium
(paraffin can be used up to 80 °C while alkene-based coatings are limited to below
40 °C))2. Octadecyltrichlorosilane (OTS) is a less effective coating[10] but that is sta-
ble up to 170 °C[11]. It resembles paraffin with the addition of a silicon head group.
This head group increases the strength of the bond with the surface, that explains
the higher stability. A short but very recent review on these coatings can be found
in Ref. [12].

2It is unclear whether a high temperature caesium vapour would condensate on a colder surface with
exceptionally small sticking coefficient...
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• Various oxides: Al2O3
[13], ZrO2...

Instead of passively minimising sticking of caesium, one can also actively remove
adsorbed caesium atoms not only with higher surface temperature but with light. This
technique is called light-induced atomic desorption (LIAD) and is also widely used on
alkali-metal glass cells, including coated-ones[14]. The adaptation of this technique to
our context could then take the form of a glass tube, allowing the injection of laser light
through the tube. The experimental set-up dedicated to oven studies was thus designed
to allow easy injection of light in the glass tube.

The tube of the effusive oven can also advantageously be replaced by an array of
silicon capillaries, or even by an array of cascaded capillaries[15]. The smallest angular
spread at the output is obtained in cascaded capillaries, at the cost of approximately 97.5%
of the atoms.

This work on caesium ovens is motivated by the fact that caesium oven are known
to create caesium beams with poor properties compared to gas-phase theories, in terms
of atomic flux and output divergence[16]. Improving the quality of our caesium beam
will be required to achieve a high current electron source, and a lot of different improving
directions have been presented and some of them are currently under investigation. LIAD
is particularly promising. In the meantime, the caesium oven implementation described
before was reliable enough to provide a caesium beam stable and intense enough for all
our measurements.

3.1.3 Lasers and excitation pathways

Now that we have an atomic beam of caesium between electrodes that produce electric
fields, the ionisation process only lacks the required energy to pull the electrons from the
flying caesium atoms. This energy will be brought in the form of photons, coming from
different lasers.

For caesium the full electron configuration is 1s22s22p63s23p64s23d104p65s24d105p66s1 ≡
[Xe]6s1 but the ground state is simply designated by the spectroscopic term 6S1/2 (elec-
trons up to the 5p orbitals, forming the closed-shell, are implicit). The subscript indi-
cates the fine structure splitting that results from the coupling between the spin angular
momentum ~S and the orbital angular momentum ~L to form the total electronic angular
momentum~J along:

~J = ~L + ~S (3.1)

For states that exhibit orbital momentum of L = 1 (e.g. the first excited state 6P in cae-
sium), the fine splitting splits the degenerate states into two groups labelled nP1/2 and
nP3/2. For atoms with non-zero nuclear spins~I, the hyperfine splitting splits these groups
even further, the interaction being described as the formation of the total angular momen-
tum ~F, along:

~F = ~J +~I (3.2)

In caesium, the nuclear momentum I has an amplitude of 7/2 so it means that the
ground state 6S1/2 couples to this moment to gives states with F = 3 and F = 4. The
energy separation of these two states is exact as it is used in the current definition of the
second. Figures 3.1 (and 4.12) feature the electrodes, as well as the lasers essential to the
excitation and ionisation of the neutral beam. In this work we used a three-step ionisation



90 Chapter 3. Experimental Stark maps

(summarised in figure 3.5), with three different continuous wave lasers: the 852 nm, the
1470 nm and the Ti:sapphire laser (Ti:Sa).

The first laser is a Toptica DL Pro 852 nm controlled by a Toptica DLC Pro. It emits
photons that couple the ground state 6SF=4

1/2 to the first excited state 6PF=5
3/2 . The precise

value for this transition can be found on figure 3.10. This first transition has the advantage
of being a closed transition. This means that atoms that absorbs a photon to the excited
6PF=5

3/2 level have only one relaxation path authorised by dipolar selection rules (∆L =

±1, ∆F = 0,±1), toward the 6SF=4
1/2 state. This is an advantage over other excitation

pathways that could leak to other states, resulting in a lower overall ionisation efficiency.
Its frequency is stabilised via the traditional saturated absorption technique on a caesium
cell.

The second step to the state 7SF=4
1/2 is assured by a 1470 nm photon emitted by a DFB

Butterfly from Toptica controlled by a LIR 110/SC110, also stabilised externally via the
absorption of caesium vapour excited by the 852 nm laser.

The third step is the absorption of a photon from the Ti:Sa laser to a Rydberg state
or to a continuum state. This laser is the SolsTiS from MSquared, pumped by a 25 W
Millenia eV 532 nm from Spectra physics. It is controlled via a dedicated software on a
computer, and its frequency is monitored and controlled directly by a wavelength meter
and a computer. We use a HighFinesse WS8 wavelength meter, that has an absolute
precision of 2 MHz and a relative precision of 0.5 MHz. The high performance of the
control system of the MSquared laser allows us to very easily scan the wavelength of the
laser over a large range, as well as to precisely tune the wavelength at an arbitrary value
between 720 nm and 900 nm. It is however very sensible to back-scattered light, and its
locking stability is not enough to stay locked more than a few hours. Another important
aspect of this system is its ease of use, as it is fully controllable from a single web page.
This laser is split into two experimental set-ups: this one and the one, presented in ref.
[17], that allows spatially-correlated coincidence detection of electrons and ions from the
photoionisation of caesium atoms. This separation allows us to measure data from both
set-ups simultaneously, with the exact same laser frequency but different polarization. I
note here that the polarisation of the ionising laser has a direct influence on the relative
intensities of the different peaks, so we control it to match the experimental polarisation
to the ones used in the LFT calculations to select parabolic channels to include.

The intensity of the 852 nm and the 1470 nm lasers largely saturates the related tran-
sitions. However when the intensity of a laser is too high, the light shifts the energy of
the states, which can decrease the coupling efficiency to the last state. This is why we add
filters to each of the lasers path to optimise the electron current on the detectors. We don’t
control the polarisation of these two first lasers because we easily saturate the transitions.
However the last optical step is very sensitive to the polarisation of the Ti:Sa, so we have
a half wave-plate that allows us to use perpendicular or parallel polarisation for the last
photon step.

Figure 3.5 shows a Stark map constructed from spectrum computed with the theory
described in section 2.4.2. The four low energy electronic states (6S1/2, 6P3/2, 7S1/2 and
8S1/2) are represented as coloured horizontal lines because their Stark shift is negligible
in this field range. Two types of photon-induced ionisation are represented and used
throughout this work (852 nm-794.6 nm-794.6 nm or 852 nm-1470 nm-(Ti:Sa)).
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FIGURE 3.5: Stark map of Rydberg states in caesium from the field-free ion-
isation energy to 400 cm−1 below this value and from 0 V/cm to 3000 V/cm
with a focus (in caption) on the ionisation paths at 2170 V/cm used in this
work and the classical ionisation threshold represented in blue. Arrows rep-
resent one photon absorption. The two ionisation paths at 2170 V/cm are
represented by two series of consecutive arrows, straight arrows depicting a
fixed energy of the associated photon and curved arrows representing tun-
able photon energy. The ionisation path on the left is above-threshold photo-
ionisation with excess energy (orange double arrow) of 0.68 eV relative to
the zero-field threshold and of 0.72 eV relative to the Stark-shifted threshold.
The ionisation path on the right corresponds to the excitation of an ionising

Rydberg state around the classical ionisation threshold.
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Section summary
Experimental set-up

In this section I have presented the experimental set-up that I built and used during
this thesis. An important part is the caesium oven, that contains liquid caesium
heated to around 370 K separated from the rest of the set-up by a long, heated tube.
The material of this tube determines the properties of the oven, and I installed an
alumina tube, that is one of the few materials chemically inert to caesium. This oven
forms a neutral caesium beam between electrodes that apply a static electric field.
3 lasers (the 852 nm for 6S1/2 → 6P3/2, 1470 nm for 6P3/2 → 7S1/2 and the Ti:Sa
for 7S1/2 → Ry transitions) are aligned and tuned to excite then neutral atoms into
Rydberg states, and ionise them into an electron beam that is extracted and focused
towards the detector.

3.2 Experiments and theory interplay

In this section I present results of experiments where we scanned the frequency of the
last ionising laser (Ti:Sa) and collected the electron signal in correlation with the scanned
frequency. The electric field is around −2170 V/cm3 and the scan range is chosen to be
around the shifted ionisation threshold. These measurements allow us to calibrate the
distance between electrodes 5 and 1, and to verify the accuracy of the LFT code (in terms
of energy and ionisation rates predictions) over a large range of energy .

3.2.1 Electron signal optimisation

Looking at figure 3.2, we see that our electrode geometry creates not one value but a
range of different electric fields in the vicinity of the lasers so the value of the electric field
at which the excitation/ionisation occurs depends not only the values of V5 and V1 but
also on the precise position of the lasers. This means that if we don’t control the precise
position of the lasers relative to the field line, we will lack precision on the acquired Stark
maps. We thus developed a technique to position the lasers more precisely at the center
of the electrodes.

We used two different methods to ensure that we positioned the lasers at the center
of the electrodes: one is based on the ionisation of Rydberg atoms, and one is based on
photo-ionisation. The latter method relies on the fact that our (detection) horizontal axis
corresponds to the energy axis z in the ionisation region (thanks to the spectrometer pre-
sented further in chapter 4). This means that if the lasers are perfectly centred between the
electrodes, the potential at which electrons are created is Vin ' V1+V5

2 , thus increasing the
electric field by changing V1 and V5 but keeping the average potential V1+V5

2 constant does
not move the electron spot on the detectors. However, if the lasers are not aligned at the
centre of the electrodes then changing the potentials also changes the starting potential
of the electrons, thus requiring the modification of the spectrometer current to keep the

3This value has no particular justification and is historical
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FIGURE 3.6: a) Zoom on the Stark map showing the studied state b) Zoom
on electrodes showing laser spot (not on scale) and electric field lines cor-
responding to the resonant electric field with four different values of V1 c)
Shape of the electron spot in Rydberg field-ionisation depending on the elec-
tric field shape. Four different shapes are presented, corresponding to four
different values of V1. In all shapes V5 = −1881.26 V and the wavelength
of the Ti:Sa laser is tuned at 794.241 65 nm. It is defocused. The first shape
(V1 = −1007.48 V, in blue) is reconstructed from two different images be-
cause it presents two different ionisation zones (the same electric field present
in two different zones) that are at different potentials, thus requiring different
spectrometer tuning to arrive on the detectors. Increasing |V1|moves the res-
onant electric field value from on-axis symmetric round sheets to a separation

away from axis in the center of the electrodes.
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FIGURE 3.7: Electron spots from the ionisation of a short-lived Rydberg state
under an electric field of −2170 V/cm from a large ionising laser spot (a) and

a focused laser spot (b).

electrons on the detectors. This revealed in practice to be a fastidious and not very precise
way to center the lasers, mainly due to optical mounting and electric supply hysteresis.

The other method is based on the fact that Rydberg atoms have a very definite value
of electric field where they can be excited and ionised (see figure 2.5 for example). This
property creates ionisation zones that map the electric field distribution. If we defocus the
lasers to irradiate a large part of the space between electrodes, we can visualise on the de-
tectors the shape of the electric field lines. I recall that the electron spectrometer projects
the z axis of the ionisation zone into the x axis of the detector. Thus the image that we see
can be viewed as a picture of the ionisation zone from the side (in the same perspective as
in figure 3.2, allowing direct electric field lines comparisons). This is shown on figure 3.6,
where, depending on the value of V1, the electron are created at different places between
the electrodes. The laser wavelength is kept constant at 794.241 65 nm so that the Rydberg
states are created at the same value of the electric field, but the actual position of these
electric field values will depend on the specific potential applied to V1 and V5. We see
clearly on figure 3.6 that the electric field lines corresponding to the resonant excitation
and ionisation of the Rydberg atoms are first located around two pseudo-paraboloids cen-
tred on axis and oriented away from each other, towards the closest electrode[17]. When
we decrease the value of V1 (making it closer to V5) these electric field line move closer
to each other towards the center of the electrodes until they split and separate radially
around the axis.

These experiments thus reveal a very clear visualisation of the electric field lines,
which gives us a precise way to center the lasers. Indeed we can progressively focus
the lasers, and adjust their position to optimise the electron signal coming from the center
of the observed shapes, as shown on figure 3.7. Comparing the observed shapes with
Simion simulations gives us a very good estimation of the position of the lasers and thus
an increased precision in the determination of the electric field value. This will allow a
higher precision in our experimental Stark maps.
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FIGURE 3.8: Experimental set-up for scans acquisition, with details on the
electronics that transform the raw multi-channel plate (MCPs) low negative
signal to a measurable voltage for an acquisition card ("acq. card") linked to
a lambda-meter. The laser is scanned and the continuous wavelength mea-
surement is directly correlated to the electron counter that integrates the sig-
nal on the MCP over a small time window, retrieving the inserted scan. "HV"
is the high-voltage supply, "Discrim." is the discriminator with an adjustable

threshold (orange dashed line). Condensers are 2 nF.

3.2.2 Acquisition of Stark spectra

Specific acquisition set-up had to be installed for the acquisition of these Stark maps, as
represented schematically on figure 3.8. The electron signal is generated from the MCP’s
signal: the high-voltage is supplied through a simple decoupling electronic circuit that
allows a read-out of the detected particles. As an electron hits the MCP, it triggers an
avalanche that draws electrons from the voltage supply, and that is visible on the voltage
in the form of a short negative spike. This spike can be amplified, discriminated, turned
into a numeric signal, inverted, and finally integrated over a chosen period of time to
represent the electron flux on the detector. A conjoint acquisition with the frequency
(or wavelength) measurement gives immediately a photo-ionisation spectrum at a given
electric field.

The low-lifetime of these Rydberg states means that their excitation will be followed
by electron emission and collection, allowing a direct comparison with the photo-absorption
spectra computed with LFT theory. Furthermore, the actual lifetime of the states τ can
be inferred from the linewidth Γ of the peaks. Indeed, we have the relation τ(µs) =
1/Γ(×10−6s−1) = 1

2π∆ν(MHz) .
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F1 F2
Tab. Exp. Tab. Exp.

ν(α1) (THz) 377.2924943 377.2924365 377.2924933 377.2924491
ν(α2) (THz) 377.2933708 377.2933187 377.2933698 377.2933251

∆ν(α) (MHz) 876.5 878.4 876.5 876.0
∆νTab.−Exp.(α1) (MHz) 57.8 44.2
∆νTab.−Exp.(α2) (MHz) 55.9 44.7

TABLE 3.1: Experimental ("Exp.") and tabulated ("Tab.") (see figure 3.10) val-
ues of the transition energy of peaks α1 and α2 at both values of the electric
field F. ∆ν(α) = ν(α1)− ν(α2). The tabulated values take the Stark effect of

the 8S state into account.

The lambdameter gives us access to the instantaneous value of the absolute wavenum-
ber νabs of the Ti:Sa, in cm−1, while the LFT calculations are in wavenumbers relative to
the field-free ionisation threshold. νabs can be converted into a relative wavenumber to
the field-free ionisation threshold νrel (νthres = 31406.4677325cm−1[18]) by a simple sub-
traction. Indeed as can be seen on figure 3.5, this laser couples atoms in the 7SF=4

1/2 state
of energy (wavenumber) ν7S to an ionising Rydberg state. This means that the relative
energy axis νrel can be obtained by νrel = ν7S + νabs − νthres. The value of ν7S is calculated
from the NIST atomic levels database[18] and corrected for the hyperfine structure[19], giv-
ing:

νrel(cm−1) = (18535.5286 + 0.0318614)(7SF=4)
+ νabs(cm−1)− (31406.4677325)thres (3.3)

νrel(cm−1) = νabs(cm−1)− 12870.9072711 (3.4)

3.2.3 Direct comparison with LFT theory

We acquired ionisation scans at two different field values with V1 = −1000.90 V, V5 =
−1880.81 V and V1 = −1006.88 V, V5 = −1875.79 V, with λTi:Sa spanning from 794.2 nm
to 794.6 nm, that can be found on figure 3.9. I first analyse the observed peaks, to separate
genuine Rydberg field-ionisation peaks from other observed peaks (that will be absent
from our LFT calculation) to allow comparison of experiments with LFT theory.

Indeed looking at figure 3.9 we see that several experimental peaks (labelled δ, α1 and
α2) are totally absent from the theoretical spectra. This is an indication that there are other
ways to climb the energy ladder to ionisation when the Ti:Sa is in our range. For exam-
ple, when the Ti:Sa laser emits photons with a wavelength of 794.606 nm, atoms in the first
excited state (6PF=5

3/2 ) can absorb one to the 8S1/2 state. From there another Ti:Sa photon
brings enough energy to ionise the atoms with an excess kinetic energy of 0.72 eV (under
2170 V/cm), corresponding to the δ peak[17], whose foot we see on figure 3.9. The pres-
ence of the 8S1/2 state also explains the origin of two very fine and intense peaks fount
at 794.587 26 nm( and 794.589 08 nm respectively labelled α2 and α1 on figure 3.9. Their
origin is evident if we calculate the equivalent wavenumber of one two-photon absorp-
tion from the Ti:Sa and the 852 nm laser. It is done graphically on figure 3.10. This figure
indicates that these two peaks correspond to a two-photon absorption process: one pho-
ton from the 852 nm laser close to resonance to the 6P3/2 state and another photon from
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FIGURE 3.9: Experimental Rydberg field-ionisation scans in the vicinity of
the ionisation threshold at two different values of V1 and V5 (black and red),
showing numerous peaks with different width. The intensity scale (in arbi-
trary units) goes from 0 to 10. Each experimental spectra is accompanied by
the theoretical spectrum calculated for the electric field predicted by Simion
with an electrode spacing of 4 mm (green and blue), showing poor agree-
ment. The experimental peaks labelled α1, α2 and δ (whose foot is visible)
are absent from calculations because they come from the 8S state (see figure
3.10 for the detailed attribution). The peaks β, γ and φ are labelled here for

further discussion.

the Ti:Sa laser excite the ground state 6SF=3
1/2 to the 8SF=3

1/2 and 8SF=4
1/2 states respectively. A

further absorption of a photon ionises these states with excess energy.
These two peaks are very interesting for us because they allow a direct calibration

of our data by comparing their experimental energy and the tabulated value indicated
on figure 3.10. As these states involve the 8S state, the exact value of the transitions
must include corrections due to the Stark effect on this state. An estimation with ARC
shows that the Stark effect on the 8S state amounts to −22 MHz at F ≈ 2145 V/cm (F1)
and −23 MHz at F ≈ 2170 V/cm (F2). Theses values are found in table 3.1, allowing a
comparison between expected and found values. The first comment is that the agreement
between experimental and tabulated data for the energy difference between these peaks
(∆α) is very good, confirming the attribution of these peaks. Another interesting aspect
is the coherence of the discrepancies ∆Tab.−Exp.α1 and ∆Tab.−Exp.α2. As the experimental
data relies on fitting peaks of width bigger than 150 MHz, the reported values are to be
understood with an uncertainty of at least ±10 MHz. This is thus a clear indication that
our experimental data are shifted of approximately −50 MHz. We believe that this shift
comes from a calibration error of our lambdameter. In the following, all experimental
data are thus shifted by +50 MHz to account for this calibration problem. Apart from the
aforementioned peaks, all the other peaks are due to resonant Rydberg field-ionisation
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and we can now compare it to the Stark maps given by our LFT calculation.

3.2.4 Refining comparison between experiments and LFT theory

Ascertaining the actual experimental electric field

The first crude comparison shown on figure 3.9 relied on estimation of the electric field
applied during our measurements from the known values of V1 and V5 and Simion sim-
ulations (already used to center the lasers in section 3.2.1). This estimation yields fields
of F1 = 2188.66 V/cm and F2 = 2161.30 V/cm at the center of the electrodes respec-
tively. The agreement between theory and experiment is visibly quite poor. However,
before drawing definitive conclusions on the accuracy of the LFT method, we must first
be certain that we compare the calculations with the actual electric field value in our ex-
periments. Here we illustrate the sensitivity of the simulated electric field at the center of
V1 and V5 to the precise distance L between these electrodes: for the same voltage differ-
ence of 870 V, L = 3.99 mm gives F = 2180.45 V/cm, L = 4.00 mm gives F = 2175 V/cm
and L = 4.01 mm gives F = 2169.58 V/cm. Comparing this field amplitude to the sen-
sitivity of the Rydberg states to the electric field (see for example inset on figure 2.5), we
understand that directly comparing calculated positions with experimental ones (taking
the field given by the simulation) may grossly overestimate the inaccuracy of the LFT
theory. This is why we must first use the comparison of computed and experimental data
to retrieve the actual electric field in our experiment (i. e. optimising the value of the
electric field), and then we can critically ascertain the accuracy of the theoretical method.
Using two sets of values for V1 and V5 (i.e. two different electric fields) imposes another
constraint on the optimisation, because even if the actual distance between the electrodes
is different from what we suppose (and thus that the value of the electric field varies from
what we predict from the simulation), at least the electric field difference between the
two different measurements should be approximately the same, within our experimental
precision. This guaranties that we are indeed optimising the distance between the elec-
trodes and not simply introducing an ad-hoc scaling to the LFT theory to better fit the
data.

Results of this optimisation are found on figure 3.11. For both sets of potentials, I
compare the experimental peak position to the theoretical one. When two peaks are not
experimentally resolved I put the same experimental value to compare to both peaks. The
plotted quantities are the sum of the squared differences4, showing very clearly optimal
values for the electric field in both cases being F1 = 2171.9 V/cm and F = 2144.1 V/cm
(black curves on both panel of figure 3.11). However, when analysing the remaining
errors (or residuals) shown on figure 3.12, I found that, at the minimum of the error
curve, a single peak around −283.3 cm−1 at F1 (and around −283.0 cm−1 at F2), i.e. the
β peak, is responsible for 77% (72%) of the total error, while 15 (14) peaks amount to
only 23% (28%) of the total error. Removing this peak from the optimisations showed
novel optimum values (see red curves on both panels of figure 3.11) at F1 = 2172.3 V/cm
and F2 = 2144.8 V/cm. This procedure was performed a second time to remove the

4this sum is done without any particular width-related weight, which could be a way to improve the
quality of the fit, because very fine peaks are compared with very wide ones even though the uncertainty
about the fitted position is not equivalent
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FIGURE 3.10: Energy levels of caesium, showing the hyperfine structure
of all relevant states, with detailed absolute energies values and transition
values. Coloured arrows depicts photons, with the color depending on the
laser that emitted it. Values come from references [18–21] and ref. [20] is
favoured in case of conflicts. All source of peaks present in figure 3.9 are

explicitly represented here by series of arrows.
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FIGURE 3.11: Results of the optimisation of the electric field value using
experimental peak positions and LFT theory as a reference. Two optimisa-
tions are done around each field values of 2145 V/cm (F1, left panel) and
2170 V/cm (F2, right panel), with all observed peaks (in black) and without
the most problematic peaks (red, blue and green). The plotted quantities are
the sum of the squared differences between experimental and predicted val-

ues.

second most problematic peak (the γ peak), that is responsible for 91% of the remain-
ing error at 2172.3 V/cm (see blue curves on both panels with the novel optimum at
F1 = 2172.5 V/cm and F2 = 2145.1 V/cm) and even a third time at F1 to remove the
φ peak, yielding a final optimum value at F2 = 2145.5 V/cm. Further investigation on
these particular peaks showed a pronounced and unsolvable discrepancy between exper-
iments and theory (see section 3.2.4), this is why I remove them from the optimisation to
ascertain the electric field, to improve the precision of this optimisation.

Keeping the optimised value of F1 = 2172.5 V/cm and F2 = 2145.5 V/cm, and
comparing these to the originally Simion simulated values of F1 = 2188.66 V/cm and
F2 = 2161.30 V/cm, this gives correcting factors for the electric field of respectively
0.99262 and 0.99269. The proximity of these factors strongly suggests that the observed
discrepancies are effectively primarily due to a deviation of the distance between elec-
trodes V1 and V5 from their supposedly known values. This translates into a correcting
factor to the distance between electrodes that is directly introduced in the Simion software
via the "Scale" parameter in the ion optics workbench. It effectively modifies all lengths in
the simulation, but the distance between these two electrodes is the most sensible length
so we adapt the overall scales to fit this one as best as possible. A mean factor of 0.99265
for the fields means that the actual distance between the electrodes is likely to be around
4.030 mm instead of 4.000 mm.

The influence of quantum defects

As stated in section 2.4.2, the LFT code needs a set of quantum defects as input. We
searched in the literature for the most recent values and assembled a set of quantum
defects for caesium. This set can be seen in table 3.2, along with other values used in
a popular code (ARC[22]). The different coefficients found in table 3.2 for one kind of
state correspond to the coefficients in the extended Ritz formula, which is a more precise
version of the Rydberg formula, particularly adapted to fit the ionisation energy EI and
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FIGURE 3.12: Plot of residuals after the optimisation presented on figure 3.11
for both values of electric field. It clearly justifies removing peaks β, γ (and
φ for the optimisation at F1) to improve the precision of the optimisation.
Peaks are numbered with increasing wavelength, keeping the same number

for the same state over both value of electric field.

FIGURE 3.13: Photo-absorption spectra with several sets of quantum defects
and with experimental data. The orange (yellow) zone features the β (γ)
peak, which are the biggest discrepancies between theory and experiments.
Peaks β and γ show clearly a high sensitivity to quantum defects of D3/2
states, . See table 3.2 for details on the meaning of "Set1" and "Set2". "D3/2
- 1.5%" and "D3/2 - 2.8%" indicates quantum defects constructed from the

"Set1" set with the D3/2 value changed by 1.5% and 2.8% respectively.
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TABLE 3.2: Sets of quantum defects used in our code ("Set1") and used in
a popular code for Rydberg atoms ("Set2"). In "Set1" the value for the nF7/2
states is constructed from the value for nF5/2 of ref. [24] and the typical dif-

ference found in ref. [25].

States δ0 δ2 δ4 δ6 δ8 Ref.
nS1/2

Set1 4.0493532 0.2391 0.06 11 -209 [23]
Set2 4.04935665 0.2377037 0.255401 0.00378 [24]

nP1/2
Set1 3.5915871 0.36273 [23]
Set2 3.5915895 0.360926 0.41905 0.64388 [24]

nP3/2
Set1 3.5590676 0.37469 [23]
Set2 3.5589599 0.392469 -0.67431 22.3531 [26]

nD3/2
Set1 2.475462 0.009320 -0.43498 -0.76358 -18.0061 [26]
Set2 2.475462 0.009320 -0.43498 -0.76358 -18.0061 [26]

nD5/2
Set1 2.4663144 0.01381 -0.392 -1.9 [23]
Set2 2.46631524 0.013577 -0.37457 -2.1867 [24]

nF5/2
Set1 0.03341424 -0.198674 0.28953 -0.2601 [24]
Set2 0.03341424 -0.198674 0.28953 -0.2601 [24]

nF7/2
Set1 0.03355924 -0.198674 0.28953 -0.2601 [24]+[25]
Set2 0.03341424 -0.198674 0.28953 -0.2601 [24]

nG7/2
Set1 0.00703865 -0.049252 0.01291 [24]
Set2 0.00703865 -0.049252 0.01291 [24]

nG9/2
Set1 0.00703865 -0.049252 0.01291 [24]
Set2 0

the quantum defects to experimental spectral lines[23]:

νnlj =
EI

hc
− RyCs(

n− δl j(n)
)2 (3.5)

δl j(n) = δ0,l j(n) +
δ2,l j(

n− δl j(n)
)2 +

δ4,l j(
n− δl j(n)

)4 + . . . (3.6)

Our set ("Set1") was constructed primarily from the values of ref. [23], but as this
reference presents no values for the D3/2 and F or G states, we used older references to
fill the gaps[24–26]. These older references use a modified version of the Ritz formula, that
is not compatible with eq. 3.5. We thus use the quantum defects values directly, but check
afterwards the influence of these values on the results.
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The spectra with the two different sets are almost equivalent at our level of precision,
with shifts between peaks in the range 0 MHz to 250 MHz. To further investigate the un-
explained large discrepancies of the LFT theory with two particular peaks (see peaks β
and γ on figure 3.14), and especially the possible detrimental influence of the quantum
defects from the modified Ritz formula, I also performed calculations with modified val-
ues of δ(D3/2), δ(F) and δ(G). Results of all these calculations can be found on figure
3.13.

Changing values for F and G states up to 15% gave no changes in the spectra, so we
can safely assume that the reported discrepancies are not attributable to errors in δ(F) or
δ(G). On the contrary, the quantum defect of the D3/2 state has obviously more influence
on the presented spectrum, particularly on the position of the problematic peaks and
almost none on other peaks. The amplitude of the change in δ(D3/2) required to shift
the peak β close to the experimental value is large (around 3%), which is not compatible
with the quantum defect error bars (which are on the order of 0.1%)[26]. Thus I can safely
conclude that the pronounced discrepancies can’t be fully explained by an error in the
quantum defects. This is however a clear indication that the states corresponding to the
two poorly described peaks (β and γ) have a large D3/2 component, that we can relate to
the already mentioned shortcomings of the LFT theory, especially towards high-l states[27]

(see section 2.4.3).

Conclusion of the precision of LFT-predicted energies

We can now visualise the experimental scans superposed with the theoretical ones, as
shown on figure 3.14. It confirms that the LFT theory can be used with confidence to
predict the energy position of these highly-shifted peaks. At F = 2172.5 V/cm, the mean
error over the 14 best peaks is 142 MHz, while at F = 2145.5 V/cm the mean error over
the 12 best peaks is 206 MHz.

However, we can’t ignore the fact that the β, γ (and φ) peaks seem to be particularly
poorly described by the theory. The energy of the two peaks have errors of 5.4 GHz and
2.8 GHz at F = 2172.5 V/cm; and respectively 4.4 GHz, 1.6 GHz (and 1.9 GHz) at F =
2145.5 V/cm.

3.2.5 States linewidth and ionisation rates

On top of the position prediction (in energy) of the Rydberg states, the LFT theory gives
also an estimation of the ionisation rate of the states, via their linewidth[28] (contrary to
ARC for example that gives only positions). In this section I evaluate the code accuracy by
comparing the ionisation rates given by the theory to the ones extracted from experimen-
tal data in the vicinity of the shifted threshold. This verification in alkali metals improves
some earlier investigations with rather poor experimental resolution (that were mostly
qualitative)[28,29]5 and is very important for all our future investigations on using these
states for electron sources. Indeed, being able to accurately predict the ionisation rate
of strongly mixed Rydberg states in an electric field is necessary to efficiently use these
states to produce a monochromatic electron beam[1] (see section 4.1).

5A recent reference (Ref. [30]) presents a comparison of the amplitude and position of the photo-
ionisation peaks in LFT with GLFT and an "exact" calculations in sodium, but neglecting spin-orbit and
other relativistic corrections and without experimental data
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FIGURE 3.14: Superposition of two experimental scans (in black) to series
of computed photo-absorption spectra (in colors). The horizontal position is
directly given by the lambdameter. Their vertical position (i.e. the electric
field) is optimised to minimize the difference with the calculation (see figure

3.11). This value of the electric field in indicated on the right.
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FIGURE 3.15: Computed width of the peak at
{
−280 cm−1, 2172.6 V/cm

}
depending on the value of parameter τ. The parabolic fit (in red) guides the
eye. τ sets the minimal linewidth for the peak. The appropriate τ, given by

the linewidth of the 7S state, is 5.33.

We thus need to compare the computed state linewidths to the experimentally ex-
tracted linewidths. The observed linewidths (for example on figure 3.14) can’t be di-
rectly compared from the spectra, because in each case (theoretical and experimental)
there are additional parameters that influence the observed linewidths (such as field in-
homogeneities), meaning that the observed linewidth is not directly the state’s linewidth
Γion. In the following sections I thus detail how we can extract this quantity in each case.

Extracting state’s linewidth from theoretical data

Our LFT code uses a parameter τ as input, that limits the maximum value that a tun-
nelling integral can have, thus having a direct influence on the smallest possible linewidths
computed peaks can have. The greater this number, the thinnest the observed peaks will
be, down to the intrinsic limit of the corresponding state (its "true" linewidth). Decreasing
τ will artificially increase the states’ linewidth, which can in turn be really useful to limit
the number of energy points needed to describe the peak when computing over large
energy ranges. This is thus an important parameter to tune, and since it has a direct influ-
ence on the observed linewidths, the discussion on computed/experimentally observed
linewidth must first consider the choice of τ.

Fundamentally the value of τ adapted to the best description of our experiments de-
pends on the linewidth of our laser, but also mainly on the linewidth of the initial state
(the 7S state). Indeed this state has a natural linewidth of ∆ν7S = 3.28 MHz, much larger
than the laser linewidth (≤ 100 kHz), which means that a transition from this state (even
towards an infinitely narrow state) will be at least as large. This means that I have to select
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FIGURE 3.16: Schematic illustration of the link between a state’s Stark slope
and its apparent linewidth and intensity in a set-up like ours. Two states with
comparable linewidth appear very different in our set-up because of the dif-
ferent fields present at the same time in the ionisation zone (∆F), represented
in the Stark map by the pale pink area. The scanning laser is represented
in pale orange and is to be understood as continuously scanning the energy
scale. Both (∆F and the laser linewidth) are wider than in reality for the sake

of clarity.
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FIGURE 3.17: Comparison of experimental and theoretical linewidths. a)
Histogram of the field inhomogeneity ∆F in the laser spot (Gaussian spot
with FWHM of 30 µm in all directions). b) LFT-scans used to generate the
convoluted theoretical scan. c) Direct comparison between experimental data
(in black), a single LFT-scan (in blue, shifted by -2 for clarity) and a convo-
luted theoretical scan (in red). This convolution accounts for the different
electric field values experimentally accessible to atoms. Very good agreement

on states’ linewidth is observed for all peaks.

a value of τ that gives a minimum state linewidth of 3.28 MHz. The minimal linewidth
can also be increased by other effects such as light shifts or power broadening, but this
represent an absolute minimal linewidth.

Figure 3.15 shows how I can choose the appropriate value for τ to best describe the
experimental data. For that I zoom in on a state that is very thin and I superpose theo-
retical calculations done with different τ, varying from 5 to 6, and I extract the obtained
linewidth. This figure shows that τ = 5.33 is most adapted to our experiments.

Extracting state’s linewidth from experimental data

To accurately extract the states linewidths from our experimental data, we have to con-
sider that even when the laser is focused (see section 3.2.1), it spans a certain spatial
extension, and thus different electric fields (see figure 3.2). For a state without any Stark
shift, all the atoms present in the laser beam will be resonant at the same time (no matter
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Peak νExp. (cm−1) νTh. (cm−1) Γexp. (MHz) Γ2172.5
Th. (MHz) ΓConv.

Th. (MHz)

1 -285.4967 -285.4879 538 180 385
2 -285.2909 -285.2947 123 8 56
3 -285.2297 -285.2324 207 6 66
4 -284.5408 -284.5426 425 57 237
5 -283.6833 -283.6869 543 9 266
6 -283.6621 -283.6645 567 9 290
7 -283.3845 -283.5638 338 8 148
8 -282.5934 -282.5885 794 108 390
9 -282.1269 -282.1254 3223 3476 3493

10 -281.8821 -281.8896 931 95 653 (unresolved)10’ -281.8747 333
11 -281.2974 -281.3898 576 33 385
12 -280.3252 -280.3289 387 30 196
13 -280.2641 -280.2682 420 28 210
14 -279.7121 -279.7048 97 88 88
15 -279.6824 -279.6738 75 73 73

TABLE 3.3: Quantitative comparison between position and linewidth of ex-
perimental and theoretical peaks, with and without taking into account the
field window ∆F in the laser spot. This clearly shows that the theory pre-
dicts accurately the linewidth of the states, provided that ∆F is taken into
account. The convoluted theory tends to underestimate the states linewidth,

indicating possibly a larger laser spot than used in the convolution

the precise electric field that they feel), but only when the laser is tuned precisely at the
resonant frequency. During a frequency scan (as we did), this will result in a very narrow
linewidth, that we take as the intrinsic linewidth of the Rydberg state.

On the other hand, a state that has a strong Stark slope will be resonant at different
sub-spaces of the laser beam, depending on the precise field value in this sub-space and
the laser wavelength. This will result in an artificially large state on our scans, that will
need to be deconvoluted to obtain the actual state’s linewidth. It will also have an effect
on the relative intensities of the states because the number of addressed atoms will be a
lot higher for states without any Stark slope. This is illustrated schematically on figure
3.16, where we clearly see the influence of the Stark slope on apparent linewidth and
amplitude.

This means that to properly compare experimental and theoretical linewidths it is
thus important to estimate the amplitude of the different electric fields accessible to the
atoms ∆F (further called the field window); to generate several Stark scans spanning ∆F;
and to sum their intensities. This way we can correct both the amplitude and linewidth
difference between states with no/strong Stark slopes.

The estimation of the size of the field window is done via Simion simulations, where
I create 104 electrons at random around the center of the electrodes, following Gaussian
distributions of width 30 µm along each direction. This field window corresponds exper-
imentally to the overlap of the three lasers and the caesium beam, so it should be well
reproduced by a random Gaussian distribution. I extract the initial field value for each of
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these electrons and plot them as an histogram, separating the field values into 60 slab of
width 0.02 V/cm, each with its population amplitude. This gives me a field-population
normalisation curve, shown on figure 3.17 a).

I then compute 100 LFT scans from 2171.6 V/cm to 2173.6 V/cm (with steps of 0.02 V/cm,
shown on figure 3.17 b)) to compare with the experimental scan optimised at 2172.5 V/cm,
and add them with the appropriate population normalisation factor. The resulting curve
is shown and compared with experimental data on figure 3.17, proving that the theo-
retical prediction on the states linewidth is quantitatively very good, even for the peaks
with strong discrepancies for their energy. This is completed by the quantitative agree-
ment between experimental and theoretical data shown in table 3.3, which underlines the
importance of correcting the results from LFT to account for the field-inhomogeneities,
particularly to predict apparent linewidth.

The intensity of each peak is good overall but the agreement is not complete, mainly
because our code does not contain the field-free transition dipoles necessary to a com-
plete description (see equation 2.53). It gives however a very good indication whether
particular states will be visible (or not) in our experiment and thus usable as ionisation
pathways for a high-current electron source.

3.3 Conclusion on the experimental and theoretical Stark
maps

In this section I presented results of field-ionisation spectra of caesium over a large en-
ergy range near the field-shifted ionisation threshold, around 2200 V/cm. These spectra
were meticulously compared with LFT calculations, with very good agreement overall,
in terms of energy position of photo-ionisation peaks as well as ionisation rates of indi-
vidual peaks. Individual intensities are less reliable but still give very good qualitative
behaviour.

On most peaks the discrepancy between experiments and theory is less than 200 MHz,
but some peaks show discrepancies up to 5.4 GHz.

The comparison of experimental data with LFT scans relied on precise determination
of the experimental electric field, done via the optimisation of the distance between the
electrodes to best fit the data. This optimisation yielded a distance of 4.030 mm instead
of 4.000 mm. To improve the accuracy of this optimisation I had to remove several peaks
that presented particularly high discrepancy. I then checked if this observed discrepancy
could be attributable to errors in quantum defects, but the analysis showed that these
errors would have to be significantly larger than plausible to account for the discrepancies
between LFT and experimental spectra.

This quantum-defect study however showed a correlation between a state’s lack of
accuracy and its sensitivity to the quantum defect of D3/2 states. The absence of cross-
sections inputs makes the relative amplitude of the observed peaks less reliable but does
not affect the precision of the predicted energy levels. Updating this code to GLFT would
surely provide even higher accuracy, but our LFT code can nevertheless effectively be
used to predict energy position of the Rydberg states in a strong electric field, as well as
the ionisation rates of these states. This is a very important step in our understanding of
Rydberg ionisation, and will be really useful to search for interesting states to use in an
electron source. Its accuracy on Stark-shifted energy levels and ionisation rates around
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the ionisation threshold is overall very satisfactory and allows a precise choice of ionising
Stark-Rydberg state. In the next chapter we will extensively use these Stark maps to
present the different ways we can ionise Rydberg atoms, along with the resulting electron
beam properties.
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Chapter 4

A continuous electron beam from the
ionisation of Rydberg atoms

I believe that a scientist looking at
nonscientific problems is just as
dumb as the next guy.

Richard P. Feynman

In the last chapter we have seen that the LFT theory provides very useful Stark maps of
Rydberg states in the vicinity of the ionisation threshold, and it compares favourably with
experimental data, both for the energy position and the ionisation rates. It also allowed
us to deduce the actual distance between our flat electrodes. This work represents the
first reported comparison of LFT with experimental data in caesium with this energy res-
olution, showing that states with strong D-components present the biggest discrepancies
on an overall very good agreement. Using LFT-based codes (over matrix diagonalisation
based code like the ARC python code[1]) for this energy range is thus a proper way to
describe the effect of the electric field on Rydberg state.

In this chapter we will see how we use this code to the production of an electron beam,
with the goal of reducing the energy spread of conventional electron sources. This builds
up on the previous studies done in this group about such a source. The biggest challenge
here is to keep the energy spread of the electron down to a few meV while providing an
electron current in the 100 pA-1 nA range. This current is around one order of magnitude
higher than what can be provided by threshold photo-ionisation sources, mainly because
of the very-low ionisation cross-sections. One way to increase the current is to use a cavity
to enhance the ionisation efficiency[2] or to use big laser spots to address a higher number
of atoms, allowing (ion) currents up to 5 nA at a cost of brightness[3]. In this chapter, we
will see that another way to increase the current is to take advantage of the high transition
cross-sections towards Rydberg states.

We saw in section 1.4 that to fulfil the very-low energy spread requirement, it is nec-
essary to use low to very low extracting fields and to reduce the longitudinal size of the
ionisation zone, as well as to cope with the ionic space-charge in an efficient way. The
most straightforward way to reduce the size of the ionisation zone in a photo-ionisation
electron source, is to reduce the size of the ionising laser, by focusing it. This puts a lower
bound to the easily achievable size of the ionisation zone, around a few microns.

In this chapter we will see that the peculiar properties of Rydberg atoms might offer
another way to reduce the energy spread of continuous photo-ionisation electron sources.
The ambition is to reduce the size of the ionisation zone and the associated electron energy
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spread, with higher current than standard photo-ionisation sources. Such a source would
allow the functioning of the HREELM instrument, opening up new possibilities in surface
science.

First we present the different approaches to describe the ionisation of an atom by a
laser, and the links of these different approaches to the final electron energy spread. Then
I report on an experimental effort to measure the energy spread of such sources in the
different ionisation regimes. To analyse the energy spread we use a dedicated electron
spectrometer, that had to be adapted and studied in-depth to allow accurate and reliable
energy spread measurements. I present measurements of the link between energy spread
and extracting electric field in photo-ionisation and discuss the strategies to achieve a
very-low energy spread electron source. Two detailed propositions are made, that could
be realised and used as electron source for the HREELM project.

4.1 Identification of different ionisation phenomena

We already saw that electrons can be produced from caesium atoms in an electric field via
different ionisation phenomena. I introduce here a nomenclature for these phenomena,
to clarify their differences. I identify 3 different continuous ionisation phenomena that
will be dealt with in this chapter:

• Photoionisation

• Rydberg field-ionisation

• Velocity-induced field ionisation

The separation between these three ionisation mechanisms in partly fundamental, but
also context-specific. In particular for us it rests on the fact that the resulting electron en-
ergy spread comes from different sources for these three mechanisms. Pulsed ionisation
will be introduced and studied in the next chapter.

4.1.1 Photoionisation

Photo-ionisation is the phenomenon that separates an electron from an atom, thanks to a
photon whose energy is larger than the ionisation threshold of the atom.It can be under-
stood as a momentum exchange between the photon and the electron, strong enough to
overcome the attraction of the electron to the core. This "kick" ejects the electron away
from the core, in a direction linked to the electric-field component of the incoming pho-
ton. This electron is usually called the photo-electron. Quantum mechanically it can also
be described as the coupling between a bound state and the continuum of unbound states,
characterised by wave-functions extending well over the Coulomb barrier. This explains
why the efficiency of photo-ionisation is usually very low, because the overlaps between
these wave-functions are very small quantities, and coupling rates are proportional to
these overlaps.

Figure 4.1 shows a Coulomb potential with the definition of the different energies.
Photoionisation obviously requires a photon with enough energy to eject the electron
from its bound state to the continuum, i.e with a wavelength λ ≤ λ0, with λ0 the threshold
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FIGURE 4.1: Schematics of an atomic potential (similar to −1/r) without elec-
tric field (left panel) and with an electric field (right panel) and definition of
the different energies involved in the description of photo-ionisation. The
blue excitation level correspond to photo-ionisation without (left panel) or
with (right panel) an electric field. The red excitation level corresponds to
transition to another bound state without the electric field, and to Rydberg

field-ionisation with the electric field.

ionisation wavelength without any electric field and Eλ0 the associated energy (in atomic
units). I call Eλ the photon energy with respect to the field free ionisation threshold:

Eλ = hc
(

1
λ
− 1

λ0

)
(4.1)

This definition implies that field-free photo-ionisation requires Eλ > 0 and is practical
because it does not demand to specify the electron ground state, making comparison
between the photoionisation of different bound states easier. The bound state in question
(of relative energy Ep = −|Eλ0 |) can be any state of the atom, even its ground state1.

If we want to simulate the classical trajectory of an electron orbiting around the ion
core (without external electric field) during photoionisation, the kinetic energy of the elec-
tron Ek is then equal to:

Ek = Eλ − Ep (4.2)

The term Ep is required to take into account the interaction with the ion core. In practice
the value of Eλ is known from the experimental laser wavelength and tabulated values
for the field-free threshold. Calculating Ep requires the expression of the atomic poten-
tial in function of the distance to the core U(r), and an estimation of r. For hydrogen
U(r) = −1/r, while for alkali metals various parametrised potentials have been devised
(see equation 2.23 for an expression for caesium) and can be used effectively to simu-
late classically this phenomenon[9]. In the following (see section 4.1.2) we see that these
simulations can also be used to describe Rydberg field-ionisation.

1in this case, λ0 fall usually in the UV range
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FIGURE 4.2: Photo-electron energy dependence of the asymmetry parameter
β for the four heaviest alkali-metal outer ns shells. Different curves for Cs in-
dicate different theoretical methods. The arrows indicate the Cooper minima.

Reproduced from [4] with data from [4–8]

Angle dependence of the emission of photoelectrons

The electron starting kinetic energy, or more precisely its starting momentum will be
oriented relative to the field-component of the ionising photon. We call θ the angle be-
tween the polarisation vector of the incident light and the direction of the outgoing photo-
electron. For polarised light, this will produce strongly anisotropic electron ejection: the
angular dependence of the photo-ionisation cross-section dσ

dΩ can be estimated with2[10]:

dσ

dΩ
=

σ

4π

(
1 + β

(
3
2

cos2(θ)− 1
2

))
(4.3)

with σ the total cross section for the photo-ionisation of a given sub-shell and β the asym-
metry parameter3. The value of β is highly non-trivial to pinpoint, as it is energy de-
pendent, and encompasses the effect of all the dynamical aspect of the photo-ionisation,
relativistic effects and Cooper minima4. The requirement that dσ

dΩ ≥ 0 however limits β to
values between -1 and +2. For hydrogen and in light atoms (i.e. without spin-orbit), with
low incident photon energy, one can safely put β = 2[10,11]. Equations 4.3 then gives:

dσ

dΩ
=

3σ

4π
(cos θ)2 (4.4)

2This formula is written for linearly polarised light, but can be written in very similar ways for other
polarisations or even unpolarised light by appropriate definition of θ[4]

3Not to be confused with the charge separation parameter for Rydberg states under an electric field
introduced in eq. 2.21

4situations where dominant ionisation channels interfere destructively and cancel out
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This angular dependence corresponds to the classical result, as well as the quantum me-
chanical one when considering only s→ p transitions[4].

Experiments and theoretical results have shown that for alkali atoms, and for caesium
in particular, where spin-orbit and other relativistic effects are very strong, it is not a good
approximation to take β = 2, even at low energy[10,12,13]. As an illustration of the non-
trivial behaviour of β, its energy dependence for the ground state of the four heaviest
alkali metals can be found on figure 4.2. It clearly features large variations from +2 to -1
with the photon energy, centred around the Cooper minimum in each case. The width of
the dip increases with the size of the alkali metal atom, as spin-orbit becomes stronger[4].

The departure from β = 2 is sometimes neglected in the description of photo-ionisation
electron sources, usually without too much detrimental effects[9,14]. However, when photo-
ionising caesium, taking this factor into account is crucial to understand the momentum
distribution.

Amplitude of the photoelectron momentum

The electron ejection momentum amplitude k will obviously depend on the value of Ek,
but also on the mass of the ion. Indeed, due to momentum conservation law, the en-
ergy transfer will follow from the mass ratio of the electron and the ion. Neglecting the
momentum of the photon in the atomic referential, this gives:

mevadd
e = mCs+vadd

Cs+ (4.5)

with vadd
e and vadd

Cs+ the additional velocity after the ionisation, once the two particles are
well separated and do not interact any more. This can be complemented by the energy
conservation for the absorption of the photon. We call Eexc the excess energy provided by
the ionising photon, giving:

Eexc =
1
2

mCs+
(

vadd
Cs+

)2
+

1
2

me

(
vadd

e

)2
(4.6)

The combination of equations 4.5 and 4.6 gives velocities of:

vadd
e =

√
2Eexc(me + mCs+)

memCs+
'

√
2Eexc

me
(4.7)

vadd
Cs+ =

me

mCs+
vadd

e (4.8)

This formula is general, with or without electric field, as long as Eexc is well defined (and
positive). In the absence of an electric field we have simply Eexc = Eλ.

Adding an electric field

Photo-ionisation does not need any external electric-field, but the addition of an electric
field F will lower the ionisation threshold of EF = −2

√
F in the field direction as can be

seen on the right panel of figure 4.1. This will allow the ionisation with Eλ < 0, as we will
see in section 4.1.2.
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FIGURE 4.3: Angular-dependence of the photo-ionisation in the presence of
an electric field oriented along z, with an asymmetry parameter β = 2 and
two different linear polarisation S and P. The laser propagates along the x
axis, S-polarisation corresponds to the electric component in the xy plane,

P-polarisation corresponds to the electric component in the xz plane.

The formulas 4.7 and 4.8 are still valid, as long as Eexc is now defined as:

Eexc = Eλ − EF (4.9)

A numerical application with Eexc = 5 meV gives vadd
e = 41 939 m/s and vadd

Cs+ = 0.173 m/s,
showing that the conclusions of section 1.4.3 are even more valid with non-negligible ion-
isation excess energy, i.e. that the initial atomic velocity spread does not play a dominant
role on the final electron velocity spread.

Before considering what happens under the field-free threshold, we mention that
adding an electric field will break the circular symmetry of the problem, and create a
preferred projection axis. This will help us define the polarisation of the ionising laser in
an un-ambiguous way. One example of such a definition can be seen on figure 4.3.

In the case of an emission cone oriented primarily along the electric field (for exam-
ple with an asymmetry parameter β = 2 and a laser electric field component along the
electric field, see right panel of figure 4.3), this will create electrons ejected mainly down-
field, and electrons ejected mainly up-field. The latter will then experience the electric
field acceleration and if the field is strong enough, turn around toward the down-field
regions. This creates sizeable time-delay between the two classes of electrons. We present
experimental results showing this behaviour very clearly in section 5.2.

4.1.2 Rydberg field-ionisation

As we already saw, an electric field will open up the possibility to ionise atoms with
Eλ < 0. For the rest of this thesis, this situation is called Rydberg field-ionisation (RFI).
We must first note that in the scientific field of Rydberg atoms, the term "field-ionisation"
corresponds to a technique to detect Rydberg atoms, where an electric-field is slowly
ramped up and any electron signal can be traced back to the presence of a Rydberg state
that ionises at this precise field. Our definition of "Rydberg field-ionisation" is a bit more
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FIGURE 4.4: Combined Coulomb and Stark potential for the outer electron
of a Rydberg atom. The left panel shows the potential in a xz plane, and
the right plot corresponds to the x = 0 profile, giving the Coulomb-Stark
potential in function of the distance to the ionic core along the direction of
the electric field ~F. Edir is the minimum energy of direct ionisation trajectories

(see text). EF is the energy of the saddle-point.

general but encompasses the phenomenon used in this technique, as long as the electric
field increase is slow against the lifetime of the Rydberg state.

RFI of hydrogen

Rydberg field-ionisation corresponds to the ionisation of Rydberg states under a static
(or slowly changing) electric field. The scans presented in section 3.2 thus correspond to
electrons produced by Rydberg-field ionisation. The potential of a Rydberg electron in
an electric field can be seen on figure 4.4. It is a combination of the Coulomb field of the
ionic core that traps the electron and the electric field that opens this trap towards the
high-field region (high z). It features a saddle-point at EF = −2

√
F (atomic units are used

hereafter).
Ignoring the Stark shift of these states, we can replace E thanks to equation 2.1, which

gives:

Fion =
1

16n∗4
(4.10)

Thus in the classical view, the field Fion corresponds to the ionisation field, that is called
the classical threshold field[15].

In general there are two different mechanisms that result in the ionisation of Stark-
shifted Rydberg states: tunnelling of the electronic wave-function through the Coulomb-
Stark barrier, and coupling to open parabolic channels. The first mechanism is purely
quantum mechanical, while the second can be viewed either quantum mechanically as
the coupling between different states, or classically, based on calculated trajectories in the
potential[15,16].

In hydrogen some states have their electronic wave-function completely in the η co-
ordinates, corresponding to closed parabolic channels. The energy of these states is dom-
inantly in the up-field motion, meaning that the electron will never be able to overcome
the Coulomb barrier. We can also state that their coupling to continuum states is weak.
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FIGURE 4.5: Classical trajectories (both direct and indirect) in hydrogen un-
der a field of 1 V/cm, with Eλ = −24.8 meV. Edir = −59 meV so direct

trajectories are allowed. (Reproduced from [17] )

This results in states with energy over EF that are still stable toward ionisation. Their only
path to ionisation is then to tunnel through the barrier.

Classically speaking, we can thus calculate electron trajectories of states with an en-
ergy higher than EF but that can never escape the ion potential. Indeed, depending on
the angle γ between the electric field axis and the initial velocity of the electron (see fig-
ure 4.6 for the definition of γ), the electron will or won’t escape the influence of the core.
We note here that the ionisation occurs in the direction of the field, meaning that in the
appropriate parabolic coordinates, the open channels are in the ξ coordinate (see section
2.3). We can even define a critical angle γc that will determine if the motion of the electron
is bound or not, depending on the value of the excess energy Eexc and EF

[9]:

γc = 2 arccos
(
−Eλ

EF

)
(4.11)

From there we can separate the ionising electron trajectories into direct and indirect tra-
jectories: direct trajectories correspond to electrons escaping the ion potential without
crossing the z axis, and electrons following indirect trajectories cross the z axis at least
once[17]. Thus just above the saddle-point, almost all trajectories are indirect, whereas at
the field-free ionisation threshold most of the trajectories are direct. This separation into
direct and indirect trajectories introduces another energy threshold called Edir (see figure
4.4), which corresponds to the energy threshold where direct trajectories start to become
allowed. Figure 4.5 features examples of both classical direct and indirect trajectories,
where Eλ > Edir. Moreover, it is possible to derive: κ = Edir

EF
≈ 0.775[17]. We can thus

define four regions, depending on the given energy Eλ
[17]:

• Eλ < EF, this corresponds to completely stable states, where the electron motion is
bound. Tunneling ionisation can still occur but the ionisation rates are very low.

• EF ≤ Eλ < Edir, the motion is bound along the ξ coordinate if γ < γc and open if
γ ≥ γc, but only indirect trajectories can lead to ionisation
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FIGURE 4.6: Classical trajectories in caesium and hydrogen, following the
model introduced in ref. [9] for rubidium. Trajectories are computed in Gen-
eral Particle Tracer for the same excess energy (Eexc = 5 meV) and a field of
1.55 kV/cm. The bigger core of caesium deflects the electron into ionisation
after a few ps, while the trajectory in hydrogen is completely stable at this

time scale.

• Edir ≤ Eλ < 0, the motion is bound along the ξ coordinate if γ < γc and open if
γ ≥ γc, but both direct and indirect trajectories can lead to ionisation

• 0 ≤ Eλ, the motion of the electrode is always open in the ξ coordinate, no matter the
value of γ

The hydrogen case gives us an illuminating view on the process of field-ionisation in
non-hydrogenic atoms, in contrast. Indeed, the ionic core of a non-hydrogenic atom will
couple different parabolic channels, and no state with energy above EF is stable toward
ionisation.

RFI of caesium

In the classical trajectory view, the same simulations, with a potential similar to the one
presented in equation 2.23, showed that in a Rubidium atom, there were no closed tra-
jectories at energies above the saddle-point energy[9]. I reproduced these simulations in
a caesium atom, and one example of such a scattering event can be seen on figure 4.6.
Trajectories starting with γ < γc show recursions in the ion potential until the electron
is scattered by the ionic core and escapes to infinity. This departure from the hydrogenic
case means that the closed trajectories are coupled to the open trajectories via the interac-
tion of the ion core.

This ionisation process can be analysed as a quenching toward ionisation of stable
states by mixing with rapidly ionising states. The high symmetry of hydrogen makes
the degeneracy of stable and unstable states possible, as can be seen in any Stark map of
hydrogen, where blue (slowly ionising) and red (rapidly ionising) states cross. In non-
hydrogenic atoms with lower symmetry this is not possible any more, as evident from
the avoided crossings seen on caesium Stark map on figures 2.2 or 3.14. Here states in
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FIGURE 4.7: Dependence of the classical radial distribution of electrons on
the value of the ionisation excess energy Eλ, with EF < Eλ < Edir (a), Edir <
Eλ < 0 (b), Eλ = 0 (c) and Eλ >> 0 (d). Rc

max is the maximum radius of
impact. Reproduced from ref. [18]

the energy vicinity of one another can have strong interaction and mixing, due to the per-
turbation of the ionic core. As already seen in section 2.2 the perturbation of the ionic
core on any state can be quantified by the quantum defect of this state. Thus states with
high quantum defects will have large avoided crossings on their Stark maps and can ex-
perience strong mixing between near-degenerate states. This mixing can happen between
stable states and states strongly coupled to the continuum, which explains why some of
the avoided crossings abruptly changes the ionisation rates of the avoided states.

Another important aspect of the Rydberg field-ionisation process (for all atoms, pro-
vided it is neutral before the ionisation) is that as clearly shown on figure 4.4, the electron
can escape only in the direction of the electric field (the ξ parabolic coordinate), whereas
in photo-ionisation the excess energy transforms partly into electron momentum directed
up-field (see figure 4.3).

On top of that, the precise shape of the Coulomb-Stark potential near the saddle-point
in this direction is bottleneck-like. The lasting interaction of the ejected electron and the
ionic core creates a force towards the z axis and further reduces the emittance of the
created electrons. This is called the glory effect, by analogy with classical optics[18,19],
and can be seen very clearly on figure 4.7. The result of this effect is the formation of
an intense electron spot on axis on a detector placed at high distance in the direction
perpendicular to the electric field. Figure 4.7 shows clearly that for a negative Eλ (i.e. for
RFI as I have defined it), the glory part of the electron flux is largely dominant. Contrary
to intuition, this effect is still effective in photo-ionisation (when Eλ > 0), even with high
excess energy (Eλ ' 0.5 eV) even though it is not dominant any more[19] (see panel d) of
figure 4.7).
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We see here the interesting aspect of the direct/indirect trajectories separation, be-
cause these different groups of electrons will have different radial distributions on the
detector. The advantageous behaviour to lower the electron emittance is thus to ionise
atoms with Eλ < Edir, where the glory component is the most dominant in the elec-
tron radial distribution. It has been demonstrated experimentally that electron beams
from Rydberg field-ionisation have lower transverse temperature than predicted from
isotropic emission[9,20]. These two effects (emission directionality and glory effect) di-
rectly decrease the emittance of the electron beam and increase the imaging capabilities
of these electrons.

In terms of ionisation efficiency this method is typically orders of magnitude higher
than photo-ionisation because the laser couples a low energy state to an actual semi-
bound state, so the orbital overlap is considerably higher. The transition dipole from the
7S1/2 state to the Rydberg state 50P3/2 at F = 10 V/cm is given by ARC to be equal to
µ7S→50P = 0.003 ea0

5. From the well-known two-level model we can approximate the
excitation efficiency from the 7S state to a Rydberg state ρee as:

ρee =
Ω2

Γ2
Spec. + 2Ω2

(4.12)

with Ω the Rabi frequency of the transition and ΓSpec. the transition linewidth. Here
ΓSpec. = Γ7S + ΓRy+ΓLaser, and Γ7S = 21× 10−6 s−1. Target states for us have low-lifetime,
and have ΓRy ≈1× 108 s−1 to 1× 109 s−1 (see section 4.1.5). The width of the laser can be
neglected as ΓLaser < 2π · 106s−1. We also have:

Ω =
µFLaser

h̄
(4.13)

with Flaser the electric field amplitude of the laser radiation, that is given by:

Flaser =

√
4Plaser

ε0cπw2
laser

(4.14)

with Plaser the laser power (in W) and wlaser its waist. Combining all these equations gives:

ρee =
4µ2P2

Γ2ε0πcw2
laser h̄2 + 8µ2P2

(4.15)

Laser power of 1 W focused on 30 µm (wlaser = 15 µm) is almost enough to saturate the
transition as we have ρee = 0.47 for ΓRy = 1× 108 s−1, but ρee = 0.1 for ΓRy = 1× 109 s−1.
This shows that it is reasonable, given the laser at our disposal, to expect good excitation
of the Rydberg states.

5This value does not take into account possible deviations from the statistical ratio between magnetic
sub-levels, due to the presence of Cooper minima. In particular, strong discrepancy with experiment ap-
pears when comparing cross-sections in caesium from 6P1/2 and 6P3/2

[21–23]
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We can also use the following formula for the field free excitation cross-section of a
Rydberg state of principal quantum number n[24]:

σF=0
Ry (n) =

σPI

ΓF=0
Spec.n

3
(4.16)

with σPI the threshold photo-ionisation cross-section and ΓF=0
Spec. the width of the field-free

transition. In the absence of an electric field the target Rydberg state is very thin (the
linewidth of Rydberg states evolves as 1

n3 , and ΓF=0
Spec. ≈ Γ7s). For n = 50 in particular, this

gives:
σF=0

Ry

σPI
= 1.6× 104 (4.17)

To estimate the impact of the electric field on this ratio, I use the ratio rn=50(F) =
σF

Ry

σF=0
Ry

given by our LFT code (see chapter 2). At F = 50 V/cm, I find rn=50(F) = 9.8%, and thus
we have:

σF=50 V/cm
Ry

σPI
= 1.5× 103 (4.18)

This value is a useful estimation, but depends strongly on the particular state that we
excite. In the interesting region (i.e. the spaghetti region, over the classical ionisation
threshold), the excitation efficiency of a particular state varies strongly with the electric
field and its coupling to other states. Again, the Stark maps obtained with our LFT code
help us choose an intense state and maximise the conversion efficiency towards the Ryd-
berg states, and thus the ionisation efficiency.

4.1.3 Velocity-induced field-ionisation

A variant of Rydberg field-ionisation is the Rydberg velocity-induced field-ionisation
(VIFI)(it has also been called "selective field ionisation"[25] or "forced-field ionisation"[26]).
This describes the same kind of Rydberg states under a static electric field, but here we
consider a Rydberg atom with a non-negligible velocity in an electric-field gradient. This
means that the excitation to the Rydberg state is done at a certain electric field, where
its ionisation rate is typically low. Its velocity (coming from the inertia of the neutral
atom from an effusive beam) makes the Rydberg atom move in the electric field gradient,
experiencing a rising (or decreasing) electric field, depending on the sign of the gradient.

Under the right conditions, a relatively stable Rydberg state is excited over a large
zone, moves along its initial velocity to a higher electric field region where its ionisation
rate increases, and ionises in the spatial slab where the electric field correspond to a large
ionisation rate[28]. This abrupt change of ionisation rate typically happens because of
an avoided crossing with a state with high ionisation rate, as explained in the previous
section. Such a mechanism becomes really interesting with a Rydberg state such as the
one presented on figure 4.8. Indeed on the left panel of this figure a Stark map is shown
where an individual Rydberg state evolves in the increasing electric field by becoming
wider. This means that its lifetime decreases with the increasing electric field. We can
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FIGURE 4.8: a) LFT-Photoabsorption spectra for P-polarized light from an s
state in presence of an electric field. The horizontal axis is the binding energy
(Eλ). The star indicates the state that is considered in the text and in panel b.
b) Ionization probability of an atom in the star-marked state with a velocity
of 274 m/s as a function of the electric field. Crosses are the state bandwidth
extracted from a), the line is an interpolation of this data. Reproduced from

[27].

actually calculate the ionisation probability in function of the electric field F(z)[26]:

P[F(z)] = 1− exp
(
− 1

vF′

∫ F(z)

F0

Γ(F̃)dF̃
)

(4.19)

v is the velocity of the neutral atom in the direction of the electric field gradient, hence
the name of this ionisation process. From the Stark map on the left panel of figure 4.8, we
can construct the shape of Γ(F) from a fit at each electric field value. It is very well fitted
by a 2-degree polynomial, which allows easy integration of equation 4.19, and a common
velocity for a neutral atomic beam of caesium (v = 274 m/s) yields the shape of P[F(z)]
visible on the right panel of figure 4.8. If we consider 60% of the electrons created after
excitation of this Rydberg state at 49.62 V/cm, these are created in an electric field interval
named ∆E20−80. Here ∆E20−80 ≈ 0.036 V/cm, which can be translated to an spatial slab
by dividing by the electric field gradient F′. Thus the size of the ionisation zone ∆z will
be determined by:

∆z =
∆E20−80

F′
(4.20)

This changes the situation from photo-ionisation or Rydberg-field ionisation and has ob-
vious consequences in terms of electron energy spread.

In the next section I describe the influence of each of these ionisation phenomena in
terms of energy spread.

4.1.4 Links to the ionisation size

To make the link between the ionisation process and the resulting energy spread of the
electron beam, we must first recall the possible sources of energy spread in our electron
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source from section 1.4, in particular the point about potential differences across the ioni-
sation zone. We repeat here equation 1.15:

∆E = ‖~F‖∆z (4.21)

This is true for all ionisation phenomena, but the difference comes from the size of the
ionisation zone in the electric field direction ∆z, and the possible ways to decrease this
size in each case:

• For photo-ionisation, the size of the ionisation zone is defined simply by the spatial
overlap between the laser and the atomic beam (or other laser beams in the case of
a multi-photon ionisation). This means that this size can’t become smaller than a
few µm in the strongest focused beams[2,3]. Focussing the ionising laser this small
then requires an intense flux of neutral atoms to keep an acceptable electron current.
For a typical focused-infra-red laser spot of 30 µm, an electric field of 50 V/cm gives
∆E = 150 meV.

• For Rydberg field-ionisation, the situation is close because the ionisation takes place
where the Rydberg states are excited, i.e. in the laser/atomic beam overlap. How-
ever, in the case of a strong field gradient and a state with a relatively small linewidth,
the resonance condition on the electric field can allow the excitation only in a portion
of the laser beam. But a too small linewidth and the state will have non-negligible
lifetime, which can create in turn (due to the atomic velocity) a bigger ionisation
zone than the initial excitation zone. This clearly requires a detailed modelling to
see what are the conditions for Rydberg field-ionisation to actually decrease the en-
ergy spread in comparison to photo-ionisation. Such a model is presented in section
4.1.5.

• In the case of Rydberg velocity-induced field-ionisation, it depends on the electric
field gradient, the velocity of the neutral atom and the behaviour of the Rydberg
state in an increasing electric field. As shown on the right panel of figure 4.8, the
ionisation zone can be traced back to a certain electric field change. This means
that the actual spatial extension of the ionisation zone depends on the electric field
gradient, as described by equation 4.20. Combining this equation with equation
4.21 gives:

∆E =
F
F′

∆E20−80 (4.22)

In this particular case, we have ∆E20−80 = 0.036 V/cm, so a moderate field gradient
of F′ = 100 (V/cm)/cm gives ∆z = 3.6 µm. With an electric field of 50 V/cm, we
have ∆E = 18 meV.

Rydberg-field ionisation relies on a lot of different parameters to produce an effec-
tively smaller ionisation size than photo-ionisation, particularly the choice of the Rydberg
state (ionisation rate, Stark slope, ...) and field parameters. In the next section I provide
a simple model able to predict the values of these parameters optimised to minimise the
electron energy spread.
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4.1.5 Modelling the energy spread with Rydberg-field ionisation

In the case of Rydberg-field ionisation there are three factors that influence the size of the
ionisation zone (for an atomic beam parallel to the electron beam):

1. The curvature of the electric field lines. It is responsible for the fact that an equi-
field line will span out a large range of different electric potentials. We refer to the
induced energy-spread as ∆VCurvature.

2. The spectral width of the ionising radiation and the Stark effect. This gives rise
to a range of resonant electric-field value, thus enlarging the ionisation zone. The
resulting energy spread is ∆VStark.

3. The lifetime of the excited Rydberg state, that increases the ionisation zone from
the excitation zone, in relation with the atomic beam velocity. In the following it is
called ∆VLi f etime

The role of the field lines curvature: ∆Vcurvature

This source of energy spread simply comes from the fact that electric field lines are curved,
while equipotentials line are not. In the case of cylindrically symmetric fields it is possible
to derive relations to calculate the potential V(r, z) at distance r from the axis (at height
z) as well as the potential on axis at height z, from only the potential on axis V(0, 0) and
its derivatives[29]:

V(r, z) = V(0, z)− r2

4
V(2)(0, z) +

r4

64
V(4)(0, z)− r6

2304
V(6)(0, z) (4.23)

V(0, z) = V(0, 0) + V′z +
V(2)(0, 0)z2

2
+

V(3)(0, 0)z3

6
+

V(4)(0, 0)z4

24
+

V(5)(0, 0)z5

120

+
V(6)(0, 0)z6

720
(4.24)

where the ′ sign and numbers in brackets imply derivatives against z. Equation 4.24 is
simply the Taylor expansion on z and is valid only for small values of z. In the case of
electric fields with pure gradient (i.e. with V(≥3) = 0), two electrons, one created on axis
at height z = 0 and the other created at a distance r from axis and height z would have a
potential difference ∆V(r, z) of:

∆V(r, z) = V(r, z)−V(0, 0) = V′(0, 0)z + V(2)(0, 0)
(

z2

2
− r2

4

)
(4.25)

We can replace V′(0, 0) by −F0 and V(2)(0, 0) by −F′ for the sake of clarity. To get a
sensible estimation of this potential difference during Rydberg-field ionisation, we must
use the fact that Rydberg atoms (and thus electrons) will be created at the same norm of
the electric field. This norm can be written as:

||F(r, z)|| =

√(
−∂V(r, z)

∂r

)2

+

(
−∂V(r, z)

∂z

)2

(4.26)
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For small z and r, the condition ||F(r1, z1)|| = ||F0|| gives:

z1 → −
F0

F′
−

√
F2

0
F′2
− r2

4
(4.27)

Inserting equation 4.27 into equation 4.25 gives:

∆V(r1, z1) = −F0

−F0

F′
−

√
F2

0
(F′)2 −

r2

4
−

− F′

1
2

−F0

F′
−

√
F2

0
(F′)2 −

r2

4

2

+
r2

4


(4.28)

which easily simplifies to:

∆V(r1, z1) = ∆VCurvature =
−3r2

8
F′ (4.29)

We thus have obtained a analytic estimation of the energy spread induced by the cur-
vature of the electric field ∆VCurvature, in the case of a pure electric field gradient.

The influence of the state’s lifetime: ∆VLi f etime

This second term is straight-forward to evaluate and simply comes from the fact that the
excited Rydberg states have a finite lifetime 1/ΓRy (we recall that ΓRy = 2π∆ν). This means
that they will take a non-negligible time to ionise once they are excited. As usual, the
resulting energy spread comes from the fact that the ionisation zone has a larger spatial
extension than the excitation zone. It involves the velocity of the atom along the electric
field axis v and, in a collinear configuration, can be evaluated as:

∆VLi f etime = F∆zadditional = F
v

ΓRy
(4.30)

The effect of spatial resonance: ∆VStark

The size of the excitation slab also increases due to the fact that the targeted Rydberg
transitions have a finite spectral width of ΓSpectral/2π, and a finite Stark shift. This linewidth
is the sum of the intrinsic linewidth of the "ground" state for this transition (Γ7s) and the
intrinsic linewidth of the target Rydberg state ΓRy:

ΓSpectral = Γ7s + ΓRy (4.31)

This creates a certain "energy slab" where the transition might occur. This energy slab
will be translated into an electric field slab by the Stark shift of the Rydberg state. As
already seen in section 2.4, Rydberg states with parabolic quantum numbers n, k have
linear Stark shifts (in atomic units) of 3

2 nkF[24]. As k goes from −n to n, their Stark slope
goes from −3n2

2 to 3n2

2 . For the estimation of ∆VStark I take the mean value of the ampli-
tude of the Stark slope as 3n2

4 . This Stark slope translates the energy slab into an electric
field slab, which in turn can be translated to a spatial slab by the field gradient F′. The
resonance conditions are thus fulfilled on a spatial slab of size given by the ratio of the
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FIGURE 4.9: Energy spread specific to Rydberg field-ionisation including
∆VStark (see eq. 4.32), ∆VLi f etime (see eq. 4.30), and ∆VCurvature (see eq.
4.29) for v = 274 m/s, r = 15 µm, n = 50, F = 1

16n4 and for four val-
ues of F′: 10 V/cm/cm (a), 100 V/cm/cm (b), 1× 103 V/cm/cm (c) and

1× 104 V/cm/cm (d).
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FIGURE 4.10: Energy spread specific to Rydberg field-ionisation along the
model presented in section 4.1.5, including ∆VStark (see eq. 4.32, ∆VLi f etime
(see eq. 4.30, and ∆VCurvature (see eq. 4.29 for n = 30 (a), n = 60 (b), n = 75
(c), n = 100 (d), v = 274 m/s, r = 15 µm and F = 1

16n4 . In each case the value
of the field gradient is optimised to lower the energy spread, given n.

spectral width, the Stark slope and F′, so ∆zStark =
2ΓSpectral
3πF′n2 , and we have:

∆VStark = F∆zStark = F
2ΓSpectral

3πF′n2 (4.32)

Parameter optimisation

We can simplify these expressions by replacing F with 1/16n4 because we will ionise Ry-
dberg atoms near the classical ionisation threshold, and take reasonable values for v =
274 m/s and r = 15 µm. This gives us only two parameters left for optimization, n and
F′. To see the overall effect we define ∆VSum as ∆VSum = ∆VStark + ∆VLi f etime + ∆VStark,
and we can plot the evolution of ∆VSum in function of ΓRy.

As a first look into this optimisation, I fix n = 50, and plot ∆VSum for different val-
ues of F′. This value of n corresponds to an ionisation field of 50 V/cm. The results for
F′ = 10 V/cm/cm, 102 V/cm/cm, 103 V/cm/cm and 104 V/cm/cm can be seen on figure
4.9. This figure clearly shows that the electric field gradient is a very important parameter
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FIGURE 4.11: Optimisation plot of ∆VSum (in log-log scale) for the parameters
n and F′ and with the optimal value of ΓLi f etime (resulting in ∆VSum = ∆Vmin,
see eq. 4.34). The right axis is the field corresponding to the value of n, given
the formula 2.2. The colours represent the sum of energy spread induced
by the three different mechanisms at play in RFI. Contour lines are lines of

constant energy spread.

to determine the lowest possible energy spread attainable in RFI. Panel c) shows a promis-
ing value of the total energy spread due to RFI around lower than 3 meV, for F′ = 103

V/cm/cm. For lower values of F′ the energy spread is dominated by the ∆VStark term, i.e.
a large ionisation zone due to loose resonant-constraints, and for larger F′ the curvature
of the equipotential lines become too large.

To underline the role of n, I plot four energy spread curves with optimised values of
F′ on figure 4.10 for n = 30, n = 60, n = 75 and n = 100. The best value of F′ is usually
the one that brings the three energy spread sources at the same level. This figure shows
that the highest n we choose, the smallest the expected energy spread, provided by the
hypothesis of the model are still fulfilled.

I can go a little bit further by consistently choosing the optimised value of ΓLi f etime =
ΓOpt, that minimises ∆VSum. I thus have:

∂∆VSum

∂ΓLi f etime

(
ΓOpt, n, F′

)
= 0 (4.33)

∆VSum
(
ΓOpt, n, F′

)
= ∆Vmin

(
n, F′

)
(4.34)

I have removed the ΓLi f etime dependence and can now plot the optimisation map of
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∆VSum for the two parameters n and F′, as shown on figure 4.11. This shows that an en-
ergy spread lower than 5 meV requires Rydberg states with principal quantum numbers
of at least n = 50, or higher, and field gradients lower than 5000 V/cm/cm. The heat-
map does not show a lower bound to the energy spread, and we might conclude that
the bigger the principal quantum number the better, but at very-high n (n ≥ 80), other
problems arise. In particular it might be hard to find a Rydberg state that is sufficiently
isolated from others to have the expected behaviour and not leak towards other ionisa-
tion channels that might be slower. Exciting these states selectively would also demand a
very good control of electric field lines and a small laser linewidth. Finally, it is based on
the optimal value of ΓLi f etime, which might be hard to find in actual Stark maps.

However, this heat-map gives us confidence that RFI is able to produce very monochro-
matic electron beams, provided that we find an appropriate combination of field, field
gradient and Rydberg state.

Here we see the advantage of using a very heavy atom like caesium, because of its low
velocity in beams. This relatively low velocity decreases the importance of the ∆VLi f etime
term, because atoms have a bigger time window to ionise before the ionisation region
becomes too big. For lighter and hence faster atoms, ∆VLi f etime would be bigger, poten-
tially requiring pre-ionisation cooling in the longitudinal direction. Detailed simulations
on the impact of this lower velocity on the ionic space-charge are needed, but, as stated
in section 1.4.2, it is very specific to the relative orientation of lasers, atomic beam and
electron beam as well as the chosen method to account for the accumulation of ions in the
ionisation region (active/passive clearing, compensating). Examples of such simulations
can be found in section 4.4.4.

It is clear that the energy spread of the electron beam will depend strongly on the cho-
sen ionisation process, but also on the field configuration, the field gradient, and other
parameters. At the core of this thesis was the intention to demonstrate that using Ryd-
berg atoms is a way to improve the properties of electron sources based on the ionisa-
tion of atoms, via Rydberg-field ionisation or the more elaborate velocity-induced field-
ionisation. This demands a fine comprehension of the different processes, and the links
between these processes and the energy spread source as listed in section 1.4.
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Section summary
Identification of different ionisation phenomena

In this section I presented the three different ionisation phenomena that could be
used in our continuous electron source:

• Photo-ionisation: when the ionising radiation (usually a laser) brings the elec-
tron energy over the field-free ionisation threshold. In most cases, the electron
is then ejected preferentially in the direction of the electric field component of
the laser polarisation, but atoms with strong spin-orbit coupling can show
different angular modulation of their photo-ionisation cross-section.

• Rydberg field-ionisation: when, under an electric field, the atom is excited to
a strongly shifted Rydberg state that is coupled to the continuum and releases
the electron primarily in the direction of the electric field. Hydrogen, due to
its high symmetry, has stable states in this energy region but for alkali-metals
all the states above the field-shifted threshold ionise rapidly.

• Velocity-induced field-ionisation: when an alkali-metal atom is excited to a
relatively stable Rydberg state under a given electric field and, due to its ini-
tial velocity, it travels to a region where the field is enough to ionise it. This
technique makes heavy use of the rapidly changing ionisation rates found in
caesium.

Each of these phenomena has a different efficiency (RFI and VIFI involve the exci-
tation of Rydberg states, which produce orders of magnitude more electron current
than photo-ionisation) and a different link to energy spread, that we can estimate
from a simple modelling of the ionisation zone, in the hypothesis of a pure gradient
electric field. This was done especially for Rydberg field-ionisation, where I studied
the optimal choices for the properties of the Rydberg state (n, ΓLi f etime) and the field
gradient F′. The energy spread is calculated as the sum of three terms, ∆VCurvature,
∆VStark and ∆VLi f etime.
Rydberg field-ionisation has the potential to improve the brightness of the photo-
ionisation sources to our desired level for two main reasons: the higher current
obtained by saturation of the Rydberg transitions, and the electron emission direc-
tionality due to the combined effect of the electric field and the electron-ion core
interaction.
The energy spreads calculated here come in addition to the energy spread due to
ionic space-charge, but this study shows that a good choice of parameters could
already provide a very-low energy spread along with the high current associated
with Rydberg states excitation. It is also evident that for energy spread lower than
5 meV the Rydberg states should be with high principal quantum number n in the
range 50− 100, with field gradient lower than 5000 V/cm/cm.
In addition to these results, we recall that this model does not take into considera-
tion the presence of other states that could be resonant in the focus of the laser. This
needs a detailed study on Stark maps to ensure that the state is isolated enough
(particularly as n gets high) and that the field gradient is low enough to ensure that
only one Stark-shifted state is resonant.
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Now that we have explicitly introduced three different ionisation phenomena for pro-
ducing a continuous electron beam, we need to compare the electron energy spread that
they will produce. For that, we need a way to measure the energy spread of the electron
beams that we produce with one of these methods. The next section deals with the addi-
tion of an electron spectrometer to the experimental set-up already described in chapter
3, to experimentally study these ionisation mechanisms and the resulting energy spread.

4.2 Installation of a high-resolution spectrometer

Studying the characteristics of the created electron beam requires a dedicated experimen-
tal set-up. Its purpose is to form Rydberg atoms from neutral caesium atoms, to ionise
these states to form an electron beam, and to analyse the properties of this electron beam,
in particular its energy spread. It is the extension of the set-up presented in 3.1, modified
to allow energy spread measurements. In this section I thus present the main compo-
nent of the energy spread measurements, the Gatan electron spectrometer. A schematic
representation of all parts of the set-up can be found on figure 4.12.

4.2.1 The Gatan 666 electron spectrometer

The most important part of the experimental design is the energy analyser. Indeed, the
property that we want to investigate in relation to the different ionisation phenomena is
the total energy spread of the resulting electron beam. The published HREELM design
requires an energy spread less than 5 meV on an electron energy of 3 keV, representing
a ratio of ≈ 10−6. We already saw that such a large energy resolution over nominal
energy ratio is attainable only by state-of-the-art HMAs6. Investing resources into such an
instrument without the certainty that it will be used in the final HREELM instrument was
deemed unreasonable. We reached out7 to the team of, at that time, M. Christian Colliex
at Laboratoire de Physique du Solide, specialized in EELS in STEM. They gave us a high-
performance energy analyser: the Gatan 666 Parallel Electron Energy Loss Spectrometer
(PEELS).

In this section we retrieve information about the functioning of this instrument from
the literature[30–32] and a patent covering its invention[33]. This was not an easy task, but a
particularly important one, as only a deep understanding of this instrument could ensure
a proper implementation on our set-up, as well as an optimised usage, required to attain
a very high energy resolution.

For the sake of simplicity and in a first analysis we consider the incoming electrons
as emitted by a point-like source in front of the entrance slit, with a finite energy spread
that we want to measure. As the source is point-like, it hardly makes sense to attribute
a diffraction plane. However we can define a "chromatic image plane" where electrons
from different starting angle but with the same longitudinal kinetic energy are gathered
in a point (see figure 4.14). An optimal tuning of this instrument places a sharp chromatic
image on the detectors.

6ToF analysis being incompatible with a continuous electron beam
7This was done before I arrived at LAC



4.2. Installation of a high-resolution spectrometer 135

FIGURE 4.12: Schematic of the experimental set-up, containing the electron
source, the Gatan 666 photo-electron energy loss spectrometer (PEELS) and
the detectors. The blue frame of reference is for elements before the magnetic
sector, while elements after the sector are referenced in the red frame. See

text for detailed explanation of specific parts.
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FIGURE 4.13: Schematic of the magnetic fields (in red) in a quadrupole mag-
netic lens, plus the force (in blue) exerted on electrons travelling in the z di-
rection (outside the plan towards the reader). The dark grey area are cuts of
the magnetic yoke that serve as magnetic poles. This configuration focus in

the y direction and defocus in the x direction.

This instrument is a fully magnetic electron spectrometer and was developed as an
add-on to TEM columns[30], allowing to perform EELS inside the transmission micro-
scope (see section 1.1.2). Its parallel design means that all electrons are transmitted so
that a full spectrum can be recorded at once (i.e. there is no exit slit). Its functioning relies
heavily on the peculiar behaviour of quadrupole magnetic lenses. For the clarity of the
discussion I now detail the functioning of these lenses.

Quadrupole magnetic lenses

Quadrupoles are composed of four rods of a magnetic material (the yokes) individually
surrounded by an electrical coil. The four coils are plugged serially with alternating ro-
tation direction so that the magnetic yokes create magnetic fields with equal amplitudes,
but opposing parity with their neighbours (see figure 4.13).

The field lines created by this arrangement can be seen on figure 4.13. From that it is
easy to understand how to retrieve a lens-like behaviour. Indeed when an electron is situ-
ated in the center of the horizontal (x) axis but slightly above the center in the vertical (y)
axis, it feels a horizontal magnetic field, and the induced Lorentz force pushes it down-
wards (in our example), towards the center. The same happens for electrons positioned
below the horizontal axis as it is pushed upwards, toward the center.

Electrons on the horizontal axis but away from the vertical axis also feel the Lorentz
force but with an opposite sign, and are pushed away from the center. This means that
a single magnetic quadrupole actually focuses in one axis and defocuses in the other
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axis. The same quadrupole with opposite polarity will then focus in the horizontal direc-
tion and defocus in the vertical direction. A proper lens thus has to feature at least two
quadrupole elements to be able to focus a beam in both directions.

Working principle of the Gatan 666 spectrometer

The central part of this instrument is the magnetic sector, that is a composed of two flat
curved electromagnets in opposition so as to create a adjustable perpendicular magnetic
field (see figure 4.12). This is the dispersive element, that separate the electrons in function
of their incoming energy.

As the magnetic sector curves the optical axis, and for the sake of clarity in the dis-
cussion, we define a new frame of reference (called "red") for the last part of the set-up.
The Z axis is still the optical axis, but the X and Y are rotated (see figure 4.12). This ro-
tation is essential so that the electrons momenta are always primarily in the Z direction,
that the red XZ plane is the dispersion plane, and the XY plane is always orthogonal to
the electron propagation. All references to X and Y before the magnetic sector are to be
understood in the blue frame, while the red frame deals with X and Y after the sector.

Before the magnetic sector are four beam-shaping elements (two quadrupoles: FX,
FY and two sextupoles: SX, SY) and two dipoles (called DMX and dipole2) for beam
deflection in the Y and X direction, respectively. After the sector there is another dipole
for beam deflection in each direction (DX and DY) as well as four quadrupoles (Q1, Q2,
Q3, Q4) whose roles are described hereafter. An aperture is placed at the entrance of the
whole spectrometer to restrain the acceptance angle. This aperture is circular and features
three different diameters, 1 mm, 2 mm or 3 mm. It is also possible to remove it completely
from the beam for full acceptance.

The spectrometer does not have the same effect in the XZ and in the YZ planes (see
figure 4.14). In the XZ plane (the dispersion plane), the magnetic sector and the post-
sector quadrupoles must place the chromatic image plane of the electron source at the
surface of the detector, with the appropriate magnification. The overall role of the post-
sector quadrupoles is to increase the dispersion of the energy spectrum by magnifying in
the X direction. This magnification actually defines the final energy resolution attainable
by the instrument. In the XY plane, the optics of the spectrometer must spread the dis-
persed spectrum in the Y direction on the detector but keep the Y component of the beam
small enough to fit on the detector. The main reason for that is to reduce the damage on
the detector induced by a two finely focused electron beam.

This means that the size of the spot in the X direction represents the energy spread
of the electron source, and a typical measurement will feature a vertical line of finite
horizontal spread. We detail here the roles of the pre-sector elements:

• FX and FY are quadrupole lenses that allow pre-deflection focusing. The instru-
ment is designed and works at best with a virtual source 10 cm to 15 cm in front of
its aperture, so the optimal operation mode here is a slight defocus.

• DMX and dipole2 are magnetic dipoles that can be used to deflect the electron beam
is the X and Y direction respectively.

• SX and SY are hexapoles that can be used to correct spherical aberrations, and to
restore the shape of the final spot on the detector back to a vertical line.
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FIGURE 4.14: Schematic of the electron trajectories inside the Gatan
666 PEELS in XZ and YZ plane, under optimal tuning of post-sector
quadrupoles. Note that we are in the red frame of reference here (see figure
4.12). In the top image the two colours corresponds to electrons with differ-
ent longitudinal energy, showing the transformation of this energy difference

to a lateral displacement on the detector.
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The magnetic sector deflects the electron beam at a 90° angle. The shape of the two
opposing electro magnets is optimised so that the resulting magnetic field has a different
role in each direction (described in details further). In the X direction, the angle of the
magnetic sector relative to the optical axis can be adjusted by an external screw to correct
aberrations. The exit angle and the distances between the quadrupoles is chosen to focus
the electron beam somewhere between Q1 and Q2.

An important feature of all lenses is that when an electron beam is focused at the center
of a lens, this lens has no effect on the collimation of that beam. In the case of quadrupole
lenses, an electron beam can be focused only in one direction at the center of the lens, so it
will affect only the other direction. This gives a very practical way to prevent defocusing
in one direction when focusing in the other direction.

In particular here, in the Y direction the magnetic sector focuses the electron beam
at the center of Q1 (see figure 4.14), so that this quadrupole can have an effect on the X
component on the beam without changing the position on the crossover on the Y axis (as
already explained in section 1.1.3). This principle is used to ensure independent focusing
in the dispersion plane and in the non-dispersive plane. The quadrupoles Q1, Q2, Q3 and
Q4 are then tuned to achieve the required dispersion.

The magnetic sector itself has a dispersion of 5 µm/eV and the quadrupoles can in-
crease this to 10 mm/eV[33]. The post-sector elements thus have different roles (at least
this is the way this instruments should work, as it is designed):

• DX and DY are dipole magnets that are used to deflect the beam in the X and Y
direction, respectively.

• Q1 has an effect only in the X direction and primarily determines the focus of the
energy spectrum on the detector.

• Q2 is the first quadrupole acting on the Y direction. It should reproduce the crossover
in the Y direction on Q3.

• Q3 affects only the X direction and controls the energy dispersion increase, i.e. the
magnification of the spectrum in the X axis.

• Q4 is supposed to adjust the size of the spectrum in the Y direction so that it spans
the entire detector. It also has en effect on the X component.

This arrangement means that Q1 and Q3 can be adjusted without any modification on
the non-dispersive plane electron trajectories, Q3 tuning the energy dispersion while Q1
finely adjusts the spectrum’s focus on the detector. An important feature of the spectrom-
eter is the so called "drift tube" in which the electrons travel inside the magnetic sector.
It is electrically isolated from the rest of the spectrometer, which has two main uses: by
connecting it to a picoammeter (and turning off the magnetic field so that the electrons
crash on its surface) we can measure the total electron current; and also it is possible to
apply a potential to this tube that will modify the potential difference of the electrons to
their surroundings. In other words, it is possible to modulate the kinetic energy of the
electrons inside the dispersive element. As the dispersion angle depends primarily on
the kinetic energy, an electron with 1 keV kinetic energy with a 0 V drift-tube potential
will be deflected the same way as a 999 eV electron under a drift tube potential of 1 V.

The Gatan 666 PEELS was designed as an add-on to a TEM column, to enable a spec-
troscopic analysis addition to transmission microscopy. This means that it is intended to
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work with high-energy electrons (of ≈ 100 keV). Thus the specifications about its perfor-
mance on low-energy electrons are not to be taken at face value. In particular it is hard
to ensure that the ratio ∆E

E stays around 10−5 when analysing 1 keV electrons. The posi-
tion of the crossovers at the exit of the magnetic sector are also susceptible to vary with
the electron energy. In the next section I will detail the implementation of this instru-
ment in our particular set-up, as well as the experimental investigation about its actual
functioning at low energy.

4.2.2 Implementation and control of the spectrometer

The ambition with this instrument is to be able to measure energy spreads around 10 meV.
This requires an optimal use of the Gatan 666 PEELS, based on an in-depth understanding
of its functioning. In particular I needed to verify that the spectrometer actually works as
intended, and that the information that I gathered on its functioning at high energy still
applies to low-energy electrons.

One of the first thing I did to adapt this instrument from high-energy electrons to
low-energy electrons was to remove the heavy lead enclosure that protected the opera-
tors from high-energy radiations emitted during the deflection of high-energy electrons
(a phenomenon heavily used in synchrotrons). With low-energy electrons this protec-
tion is no longer necessary but its weight makes it cumbersome to manipulate and place
the spectrometer on an optical table so we removed it completely from the instrument.
However, low-energy electrons are very sensitive to external magnetic fields, so a µ-metal
external shield was designed and added around the spectrometer.

Another preliminary modification was to change and grease the internal o-rings of the
spectrometer. Indeed all of our first experiments with the spectrometer were plagued by
bad vacuum conditions, so we had to check the airtightness of every o-ring. We found
several of them that were in bad shape (as can be seen on figure 4.15), so we replaced and
grease them.

The Gatan 666 is driven by a custom version of the proprietary DigitalMicrograph
(Dm) software developed by the Gatan company. It is designed as a base software to
control any electron microscope, EELS systems and CCD cameras, as well as to acquire,
manipulate, display and analyse the data. The adaptation to a particular instrument is
done via plug-ins and scripts that can easily be implemented in Dm. We received the
instrument with a partially adapted version of Dm, that had been modified by M. Marcel
Tencé from LPS to control the 666 PEELS system[34]. Before using the spectrometer, I
needed to adapt and complete the control of the spectrometer.

The instrument came with a custom electric supply, controlled by Dm and supplying
stabilised electric current to the electro-magnets of FX, FY, SX, SY, Q1, Q2, Q3, Q4, DX,
dipole2, DMX and DY. We installed a detector at its end, composed of a stack of 2 micro-
channel plates (MCPs) on top of a P43 type phosphor screen from Hamamatsu. MCPs
are arrays of microscopic channels tilted from the optical axis, that amplify the electron
signal. The front side of the first plate is kept at ground and the back-side of the second
plate is placed at high positive potential (usually around 1.5 kV for us). When electrons hit
the surface of the first MCP with enough energy, it triggers a burst of secondary electrons
(around 1000 per electron) that are attracted to the high positive potential of the second
MCP and hit its surface. The two MCPs have their channels arranged in chevron from one
another so that there are no clear path from incoming electron through the MCP stack.
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FIGURE 4.15: Photograph of a disassembled part of the spectrometer, show-
ing a damaged o-ring.

FIGURE 4.16: Long-term stability of 3 voltage supplies at our disposal,
whose names are given on the left side of the figure. It shows that the ISEG
ripple time scale is longer than the other two, and compatible with high
energy-resolution (< 5 meV) provided that the acquisition time is less than
1 s. Note the different voltage amplitude scale for the first two (10 mV/unit)

and the third (50 mV/unit)
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FIGURE 4.17: Electron trajectories simulated in the Simion software under
low extracting field (Fextr. = −99.8 V/cm, created by V5 = −1460 V and V1 =
−1420 V) and optimal tuning of potentials 2 and 3 (V2 = −400 V and V3 =
−1119 V). Note the crossover ten centimetres away from the output of the
electron source, corresponding to a virtual source a few centimetres in front
of the apertures of the spectrometer. This configuration corresponds to the

circled data point in figure 4.18.

The second MCP will multiply the electron flux by another factor ≈ 1000, giving a
substantial electron flux on the phosphor screen. This screen is covered with electrolu-
minescent material that emits photons when it is hit by electrons, in the inverse process
responsible for the photo-electric effect. It rests on a quartz window that can be used
as an interface between the inside and the outside of the vacuum chamber. Outside the
chamber, a 45°-angle mirror and a camera objective projects the image of the phosphor
screen surface to the chip of a CCD camera that is connected to a computer. This CCD
camera is a ANDOR DV437 and it can be controlled directly from the software that con-
trols the spectrometer. The stack composed of two MCPs and a phosphor screen coupled
to a camera forms a classical electron detector.

Voltage and current supplies for the spectrometer

We tested the stability of different voltage supplies for the deflectors that are outside of the
spectrometer. The results can be seen on figure 4.16. From this test we see that the ISEG
are the best voltage supply to use for our electrodes and our deflectors. Indeed they have
low-noise and a ripple temporal scale around 1 s, which is longer than a typical exposure
time of the camera (usually less than 100 ms). This is why we use the high-voltage ISEG
units for our deflectors, for voltages around ±15 V.

We also checked the stability of the custom current supply (that supplies the current
for magnetic quadrupoles and dipole inside the spectrometer) and verified that they have
a ripple less than 1 µA, too low to me measured with available multimeters.

Choosing the potentials of electrodes 2 & 3

We saw in section 3.1.1 that electrodes 1 and 5 determine the starting potential Vin and the
extraction electric field Fextr., and electrode 4 determines the electron acceleration at the
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end of the electron source. In this study we worked at Vin ≈ 1400 V, which is an arbitrary
but practical value, because it is high enough for electrons to be detected at the MCPs
kept at ground, but high electric fields (Fextr. > 2500 V/cm) can still be applied with 2 kV
voltage supplies for electrodes 1 and 5. This leaves electrodes 2 and 3 freely adjustable, so
their role is to shape the electron beam in the optimal configuration for the spectrometer.

The spectrometer is designed to work best with a virtual source at 10 cm to 15 cm in
front of the magnetic sector. This means that the potential of electrodes 2 and 3 must be
tuned to put a crossover of the electron beam a few centimetres in front of the apertures,
as is shown in figure 4.17. This figure shows a simulation of the electrodes configuration
in the Simion software, where the potential of electrodes 2 and 3 are optimised to create a
crossover of the electron source several centimetres after the end of electrode 4.

I performed this optimisation at different values of the extracting field, and for two
different electron starting potential values (Vin = −1440 V and Vin = −1000 V), and the
results can be found on figure 4.18.

As we have no direct access to the actual collimation of the electron beam in front of
the spectrometer, we must rely on these simulations to appropriately tune the potentials
V2 and V3. An interesting behaviour appears when we study the optimal values of V2 and
V3 in function of the extracting electric field Fextr.. The results of systematic optimisation
can be found on figure 4.18, showing very clearly that there exist two separate areas of
equilibrium. As a general rule, there are always two combinations of V2 and V3 that focus
the beam at a given point, but these two points can either be located on a closed ellipsis
or in two different branches of an open ellipsis[35].

Figure 4.18 indicates that for both values of the potential, depending on the field value,
these two optimal configurations can either be close to each other, or far away. Panel b)
shows that, for potentials around −1440 V, above −1300 V/cm (in absolute value) the
equilibrium points are arranged in concentric ellipsis with a bigger length the higher
the field, centred around (V2 = −900 V; V3 = −550 V). Lowering (in absolute value)
the fields leads to a singularity and the equilibrium points jump. For fields lower than
−1300 V/cm the equilibrium points are separated in two lines: one is around V3 = 3500 V
and is not shown, while the other (shown in figure 4.18) has a small positive slope around
the point (V2 = 0 V, V3 = −1200 V). In very low extracting electric fields (−0.5 V/cm) the
ellipsis forms again from the two branches around about the same point that at high
fields.

Panel a) of figure 4.18 shows that at a potential of −1 kV, the situation is very similar.
At high fields (above −1500 V/cm) the ellipsis is centred around V2 = −500 V, V3 =
−500 V and opens abruptly in two distinct branches around −500 V/cm: one at very
high V3 and the other at very low V3, close to the lower limit. With decreasing fields the
two branches move closer to each other and merge below−10 V/cm into a closed ellipsis.

This makes a clear distinction between high (closed ellipsis), medium (open branches)
and low electric fields (closed ellipsis) for the amplitude of excitation of electrodes 2 and 3.
We will see in section 4.3.5 that this has consequences on the achievable energy resolution
of the electron spectrometer, because in certain potential/field configurations, focusing
requires high potential on V2 and/or V3, not only available with our voltage supplies.
To sum up, figure 4.18 demonstrates that the tuning of V2 and V3 heavily depends on
the value of the starting potential and of the extracting field, and are in turn a crucial
parameter for the electron energy measurement.
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FIGURE 4.18: Optimised values for the potential on electrode 2 and 3, in
function of the extracting electric field (indicated in colors). The coloured
lines are manually added to guide the eye. The values come from simulations
in Simion, with a starting potential of Vin = −1000 V (a) and Vin = −1440 V
(b), and V4 = 0 V. V1 and V5 impose the value of the electric field while
staying symmetric around −1000 V (a) or −1440 V (b), which limits the pos-
sible values of V2 and V3 to not reflect the electrons (unavailable values are
indicated by grey shaded areas). Black arrows guide the eye through the
evolution of ellipsis when lowering the extracting electric field. See text for

detailed analysis of the obtained shapes.
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Current in magnetic sector and starting potential

During our test measurements with the spectrometer, we found that the sextupoles SX
and SY had barely any effect on the shape of the electron spot. This is why we used
the custom high-stability current supply normally supplying SX to supply the magnetic
sector itself. This allows us to control the current in the sector from the same software
as the other parts of the spectrometer, with added stability in comparison with common
laboratory current supplies.

The required magnetic field to fit the curve radius of the electrons (called the cyclotron
radius Rc) to the tube radius (i.e. allowing electrons to pass through the spectrometer)
Bpass is called the passing field and depends only on their velocity v:

Bpass =
mev
eRc

(4.35)

We can relate this field to the kinetic energy of the electrons Ek by using Ek =
1
2 mev2:

Bpass =

√
2me

eRc

√
Ek (4.36)

The electron kinetic energy (in eV) is, to a very good approximation, given by the starting
potential of the electrons Vin (see section 1.4.3). This relation between the electrons start-
ing potential and the passing field (or the current in the sector’s coils) is experimentally
verified on figure 4.19, showing a very good square-root fit. This demonstrates propor-
tionality between the current in the coils and the resulting magnetic field, and that the
electron velocity in the optical axis is indeed determined by the starting potential.

Hysteresis in magnetic materials

During the course of our work with this instrument it became clear that the different mag-
netic elements (sector and multipoles) showed strong hysteresis. This is a well known
fact, that magnetic materials tend to retain a residual magnetisation even after the current
is off. This decreases the repeatability of experiments because the same flow of current in
the electro-magnets will create a different magnetic field. To prevent this I wrote a dedi-
cated script in Dm, that removes any residual magnetisation in all the magnetic elements
at once. When activated, this script brings the current flowing to all magnetic elements to
zero in a series of alternating signs steps. At each step, the current amplitude is divided
by 2, and the sign of the current is alternated. The number of steps is chosen so that the
last step’s amplitude is negligible. This results in a gradual removal in all residual mag-
netic fields and improve greatly the reproducibility of measurements. We activate this
script regularly, several times a day when actively using the spectrometer.

An important part of using the spectrometer is to properly align the electron beam, so
that the quadrupoles will have a proper quadrupolar behaviour. The procedure to align
the electron beam in the spectrometer can be found in annex 6.3.2.

Controlling the current flow in magnetic elements

The Dm software that control the electron spectrometer gives us access to a value for
the excitation of each element (called Qi for the post-sector quadrupoles), but it has no
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FIGURE 4.19: Link between the starting potential of the electrons Vin (i.e.
their kinetic energy) and the tuning of the magnetic sector to pass the en-
ergy (expressed as Sx because it is supplied by the custom current supply
previously used to supply the Sx hexapole). The very good square-root fit

demonstrates the applicability of equation 4.36.

physical sense. One annoying fact is the offset from the actual excitation, meaning that
Qi = 0 does not shut off the element.

The first step to improve the control of the spectrometer is to retrieve the actual electric
current that corresponds to the displayed values of Qi. For that we measure the current
with an ammeter in line with each element, check the linearity, and retrieve these rela-
tions:

Ii = Qi ∗ βi + Ii0 (4.37)

with

Element βi Ii0
Q1 -1.30124 8.65582
Q2 1.27253 84.5468
Q3 -0.993093 0.646503
Q4 -1.02 -2.3766

The hypothesis of a linearity between I and Q is very reasonable, and supported by
figure 4.19. Indeed it features a perfect fit for a square-root relation between the inter-
nal Dm parameter and the effect on the electrons. By analogy with a quadrupole (see
equation 4.39) where the square-root relation between the electron energy and the effect
of the magnetic field intensity is transparent, this proves that there is a very good linear-
ity between internal Dm parameters, output current of the custom current supply and
magnetic field intensities.
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FIGURE 4.20: Definition of the parameters used in the model. Both the YZ
plane (red) and the XZ plane (pink) are represented, for the sake of brevity.

Y0 and X0 represent Y(0) and X(0).

These relations are very practical and I wrote a script to control the spectrometer di-
rectly with the current. I note that the sign of the current is arbitrary here as we don’t
have access to the inner coil of the magnetic quadrupoles.

4.2.3 Retro-engineering of the Gatan 666 PEELS

Modelling the effect of the post-sector quadrupoles

To perform an optimal tuning of the post-sector quadrupoles, I modelled their effect on
an electron beam via matrix electron optics as depicted on figure 4.20. Indeed the action
of a quadrupole (and any standard microscope element in the paraxial approximation)
on an electron beam can be represented by a matrix multiplication.

This model is based on the linearisation already introduced in section 1.1.3. The elec-
tron beam envelope at any position on the z axis is thus simply described by the position
and momentum of a representative particle. It can be expressed as a four-element vector
E(z), in the axial/field ray basis:

E(z) =


X(z)
X′(z)
Y(z)
Y′(z)

 (4.38)

X and Y are positions on the x and y axis, and X′ and Y′ are angles relative to the z axis.
In the following we replace the angles by crossover position on the z axis (see figure 4.20)
because it is more practical to discuss, but the calculations are still done in terms of angles.
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The documentation about the Gatan 666 PEELS indicate that the curvature of the exit
plane is chosen to focus the beam on Q1 in the YZ plane and between Q1 and Q2 in the
XZ plane (see figure 4.14), but as we work at quite a different electron energy, we make
the conservation assumption that the positions of these crossovers are unknown. They
are called ZY0 and ZX0 respectively (see figure 4.20).

I introduce now the matrices Qi with i = 1, 2, 3, 4 that represent the effect of the four
post-sector quadrupoles of length L[36]:

Qi =



cos
[√

Ki (L)
] sin

[√
Ki(L)L

]
√

Ki(L)
0 0

−
√

Ki (L) sin
[√

Ki (L)
]

cos
[√

Ki (L)
]

0 0

0 0 cosh
[√

Ki (L)
] sinh

[√
Ki(L)L

]
√

Ki(L)

0 0
√

Ki (L) sinh
[√

Ki (L)
]

cosh
[√

Ki (L)
]


(4.39)

with Ki defined as:

Ki =
eBi

meL
√

2eVin
me

(4.40)

Here Bi is the amplitude of the magnetic field inside the quadrupole Qi (in Tesla), eVin
is the kinetic energy of the electrons inside the quadrupole, that is kept constant in the
post-sector region. All other quantities are in SI units.

Note that these matrices are block-diagonal, so I could also write 2*2 matrices QXi and
QYi without any loss of information. Here we have

√
Ki (L) � 1 so the cosine term can

be developed as 1− |Ki(L)|
2 and the hyperbolic cosine can be developed as 1 + |Ki(L)|

2 . This
is the reflection of the fact, already introduced in 1.1.3, that magnetic quadrupole have an
opposite effect on each transverse component of an electron beam.

As I don’t know the actual values of the Bi quantities, I express them in terms of
experimentally accessible physical quantities, i.e. the electric current Ii flowing through
the magnetic coils. I assume proportionality between these quantities (which has been
verified in the previous section):

Bi = αi × Ii (4.41)

In-between each of these quadrupoles are regions of free flight for the electrons (see
figure 4.14). These regions must be introduced in the optical treatment because their
length has a direct influence on the coordinates of the electrons. A region of free flight of
length z0 is described via the matrix T [z0]:

T [z0] =


1 z0 0 0
0 1 0 0
0 0 1 z0
0 0 0 1

 (4.42)

From the previous definitions, noting zi the central position of the quadrupole Qi (see
figure 4.14), we can write the matrix of the final electron beam (at the position of the
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FIGURE 4.21: Simulations of the effect of Q2, Q3 and Q4 in the YZ plane (Q1
is shown in dashed line as it has no effect in this plane) on electrons starting
at y = ±Y0. We use Y0 = Y(0) = 1 mm to draw the trajectories. ZY0 is put
equal to z1 (see text). We simulate the trajectories for each quadrupole inde-
pendently (with the others shut off), and in each case we adjust the value of
Bi, (i = 2, 3, 4) to focus the beam at z = z f . The drawn trajectories corre-

sponds to fields of B2 = −5.7 mT, B3 = −3.5 mT, B4 = −3.2 mT.

detector z f ) E(z f ):

E(z f ) = T f
[
z f − (z4 + L/2)

]
·Q4 · T f [z4 − z3 − L] ·Q3 · T f [z3 − z2 − L]

·Q2 · T f [z2 − z1 − L] ·Q1 · T f [z1 − L/2] · E(0) (4.43)

This model enables us to see the effect of each quadrupole, and to seek for optimal
configuration for their excitations. To be completely operational however, this needs to
be adapted to our particular set-up. Values for the different unknown parameters must
be chosen carefully to fit the actual behaviour of the instrument as best as possible.

Fitting the model in the YZ plane

As shown on figure 4.14, there are 15 parameters to fit: αi (i = 1, 2, 3, 4), zi (i = 1, 2, 3, 4),
z f , Li (i = 1, 2, 3, 4), ZX0 and ZY0. Such a large parameter space would require massive
amount of experimental data and a clever fit procedure to obtain meaningful results.

I thus first try to reduce this space by assuming reasonable values for some parame-
ters. From a simple physical inspection we assume that the quadrupoles are of the same
length L, and equidistant (distance d) from each other. This reduces the number of pa-
rameters to 10, because z2 = z1 + d, z3 = z1 + 2d and z4 = z1 + 3d. We also measure
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that z f ≈ 24.5 cm, z1 ≈ 7.5 cm, d ≈ 3 cm, L ≈ 1.5 cm. This reduces the parameter space
further to 6 parameters: the 4 αi, ZX0 and ZY0.

We recall that ZX0 and ZY0 are ways to describe the collimation of the beam at the
output of the magnetic sector in the XZ and the YZ planes. From the technical literature
of the spectrometer we expect ZY0 = z1 and z1 < ZX0 < z2.

As we saw in section 4.2.1, there is a very simple way to verify if the beam effectively
is focused on Q1 in the YZ plane: Q1 should have no effect on this beam component, no
matter the strength of its excitation. We verified experimentally that, at Vin = 1445 eV, Q1
has no effect on the Y component of the electron beam, contrary to Q2, Q3 an Q4, so that
we can safely assume that ZY0 = z1.

Now that we know the "initial" conditions in the YZ plane (that the beam is focused
on Q1), we can use it to determine the values of α2, α3 and α4 with experimental data, in
this 3-parameters space.

One way to determine the αi (i = 2, 3, 4) is to find the values of Ii that focus the beam
on the detector, both in the simulation and experimentally. This way the comparison with
the simulation is much easier, because it does not depend on the unknown experimental
values of the initial beam size (i.e. the values of Y0 and X0). Results from the simulations
are shown on figure 4.21, giving us the values of Bi.

The same procedure done on the experimental set-up (with only one quadrupole ac-
tivated at the same time) gives us Q2 = −93.98 (I2 = −35.04 mA), Q3 = 6.92 (I3 =
−6.23 mA) and Q4 = 29.66 (I4 = −32.63 mA). On top of the one quadrupole configu-
ration, we also acquired couples of values for cross-excited quadrupoles. I thus have 9
sets of experimental data points, which gives us a first estimation of the αi (i = 2, 3, 4):
α2 ≈ 0.2, α3 ≈ 0.6 and α4 ≈ 0.1.

I note here that there is an unresolved ambiguity in the effect of Q2, Q3 and Q4 and the
sign of the αi. Indeed they have the same sign, but the definition of Ii and the possible 90°
rotation between the quadrupoles prevent us from drawing too much conclusions about
the same polarity of the α. I can make one remark though: as I know that the cross-over in
the YZ plane is in Q1, the only way to have a second crossover on the detectors is to focus
the beam (because the quadrupoles are placed after the first crossover). Thus the values
for Qi(i = 2, 3, 4) corresponding to a crossover at z = z f correspond to a focussing effect of
these quadrupoles in the YZ plane. As already stated in section 1.1.3, quadrupoles have
opposite effect on orthogonal directions. This means that Q2, Q3 and Q4 will "defocus"
the electron beam in the XZ plane under the same tuning that makes them focus the beam
in the XZ plane. This gives a focusing action in the XZ plane for a positive current in the
Qi (i = 2, 3, 4) (which will be important for the final fit).

Fitting the model in the XZ plane

Now I use this same procedure, but in the XZ plane. Here the difficulty is that I don’t
know the value of ZX0, since experimentally all quadrupoles have an effect on the XZ
plane. But now that I have the sign of the αi (i = 2, 3, 4), I can use this fact to put bound-
aries on the value of ZX0.

Indeed I know that Q2, Q3 and Q4 have a focusing effect on the XZ plane when
I > 0. These considerations, together with the experimental values of Q2 = −61.14
(I2 = 6.74 mA), Q3 = −2.06 (I3 = 2.69 mA) and Q4 = −22.42 (I4 = 20.49 mA) to focus
(one at a time) on the detector in the XZ plane, tells us that these elements must also focus
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the electron beam in the XZ plane to put a crossover on the detector. This is only possible
if 0 < ZX0 < z2 or if z f < ZX0 (if z2 < ZX0 < z f , the only way to focus on the detector
with one active quadrupole is to defocus in either one of Q2, Q3 or Q4.).

Furthermore, the estimated values of the Bi (i = 2, 3, 4) in this case are B2 = 1.35 mT,
B3 = 1.61 mT and B4 = 2.05 mT. This amplitude increase is only compatible with
ZX0 > z f . I performed a fit on the XZ plane, with only Q2, Q3 and Q4 "activated", search-
ing for the optimal value of ZX0 with the previously estimated values of the αi (i = 2, 3, 4)
and experimental values of Qi (i = 2, 3, 4) in 9 focusing configurations, and the procedure
gave unambiguously ZX0 � z f . This corresponds to a practically collimated beam (for
the same electron energy) at the exit of the sector. This is in contradiction with the pub-
lished description of the Gatan 666 PEELS, but it is probably due to the lower electron
energy (here at 1.5 keV) than devised for.

With this value of ZX0, I performed an overall fit with both XZ and YZ datasets, and
found these results: I also recall the value of the other parameters:

TABLE 4.1: Fitted values for the simulation of post-sector quadrupoles

Parameter α1 α2 α3 α4 ZX0
Fitted value 0.067 0.163 0.542 0.098 80 cm

TABLE 4.2: Other parameters for the simulation of post-sector quadrupoles

Parameter z1 z2 z3 z4 z f ZY0 L
Value 7.5 10.5 13.5 16.5 24.5 cm 7.5 cm 1.5 cm

At the end of this fitting sequence I tested different values for z f , d, or L, but did not
find any improvement on the residuals of the fit.

4.2.4 Optimal tuning of quadrupoles

Now that we have a simulation that is adjusted to experimental values, we can use it to
obtain optimal values of Qi, to help us retrieve the most from the Gatan 666 spectrometer.

The test simulation uses three initial points at z = 0, from which three electrons
emerge with different velocity directions. The procedure for an optimal tuning of the
quadrupoles to retrieve the kind of trajectories presented in figure 4.14 is as follows:

• Tune Q2 to focus the electron beam in the YZ plane on Q3

• Tune Q1 in the XZ plane to form a diffraction image at z = z f

• Tune Q3 to obtain the desired zoom in the XZ plane

• Tune Q4 to correct for the zoom in the YZ if the electron spot is too large for the
detector

I wrote a script that does this automatically, given a desired zoom in the XZ and YZ
directions. The simulated trajectories can be found on figure 4.22. The first step is quite
straightforward (tune Q2 to have a crossover on Q3), and we can verify that the value
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FIGURE 4.22: Sequence of tuning with the simulation for optimised values
of the Bi, (i = 1, 2, 3, 4). The trajectories with the same colour have the same
electron momentum orientation. These four steps (1. Q2 focus on Q3 2. Q1
forms the image in plane XZ 3. Q3 increases the dispersion in plane XZ 4.
Q4 increases the image size in plane YZ) require some back and forth fine-
tuning to have the best results in the final trajectories, because Q1, Q3 and
Q4 act on the same plane. B1 in particular is optimised at the end to have the
sharpest diffraction pattern, but this optimisation is small in comparison with
its value, and we present trajectories with the final values for all Bi instead of

the "chronological" ones.
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FIGURE 4.23: Values for the simulated optimal values of B1, B2 ans B3 in
function of the energy of the electrons (Vin). They are fitted to a square-root
function of Vin. B1 and B2 are unambiguous as they have strict tuning criteria,
but B3 (and B4) is more loose as it depends on the arbitrary zoom value in the

XZ and YZ directions.

of B2 is appropriate by checking if Q3 has any effect on the YZ component of the beam.
The simulation gives B2 = −10.24 mT, and we find an experimental value for B2 around
−10.4 mT.

Experimentally, a proper chromatic image is obtained on the detector for values of
B1 around 3.7 mT. We found the best results in terms of zoom with values of B3 around
−32 mT, and B4 ≈ 4 mT.

We found overall a very good agreement between the simulation and the experiments,
and the model allows us to reach the optimal settings very easily, rendering the best
resolution that the Gatan 666 PEELS can offer in this context.

We thus tested different values for the energy of the electrons, and in each case we give
the optimal values for the Bi (i = 1, 2, 3, 4). Q4 is a bit special because it mainly deals with
the electron spot size in YZ, that depends also on the extracting fields and experimental
conditions. The optimal values for Bi (i = 1, 2, 3) are depicted on figure 4.23, as well as
a square-root fit for each quadrupole. This curves is very useful as a reference for the
experimental tuning of the Bi over a wide range of energies.

There are two other quadrupole lenses in the spectrometer, before the magnetic sector,
called FX and FY. These quadrupoles are used to change the shape of the final electron
spot, and are adjusted to keep the spot as a vertical line.

This ends our description of the experimental set-up that we will use to excite Ryd-
berg atoms, create an electron beam and measure its energy spread. One of the goal of this
study is to verify that the electron energy spread is dominated by the value of the extract-
ing electric field, and to compare the obtained energy spread when using photo-ionisation
and Rydberg field-ionisation. This would help us identify appropriate conditions for the
electron source in HREELM.
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Section summary
Installation of a high-resolution spectrometer

In this section I detailed a big part of my experimental work, the installation and
adaptation of an electron spectrometer to our set-up: fixing its airtightness, select-
ing appropriate supplies, interfacing its control with the detection software, writ-
ing helpful scripts and so on. A lot of efforts went into the understanding of its
functioning, both in theory and in practice. A kind of retro-engineering proce-
dure, based on matrix optics, was needed to ensure that we fully understand its
behaviour and are able to use it optimally. This procedure succeeded and, thanks
to that, we were able to determine optimal tuning of post-sector quadrupoles in
various starting kinetic energies.

4.3 Results of the electron energy spread measurements

The performance of a spectrometer can be expressed in terms of the ratio between the
electron energy and the energy resolution, which is usually constant over a range of en-
ergies. This means that one way to improve the absolute energy resolution of an electron
spectrometer (our Gatan 666 in particular) is to reduce the kinetic energy of the electrons.
On the other hand, lower energy electrons are much more sensitive to residual magnetic
fields and uncontrolled potentials inside the instrument. Most of the results we present
are taken around Vin = −1.5 keV, but we also studied the impact of Vin on the perfor-
mance of our energy spread measuring set-up.

The typical raw data that we acquire is shown in figure 4.24. The detectors are placed
behind the spectrometer, that disperses electrons in the horizontal direction. This figure
shows an increase of the electron spot size in that direction with an increasing extracting
electric field. It is an obvious consequence of the formula presented in equation 1.15, that
shows that the energy spread of the electron beam increases linearly with the intensity
of the electric field. The last images show clipped electron spots because of internal col-
lision with the inner tube in the magnetic sector. This limits the spectral range of one
measurement, but corresponds to several eV so it is not an issue for us.

In these studies we use the electrically-isolated drift tube to calibrate the energy scale.
This calibration is very easy, fast, and can even be done during an actual measurement.
The idea is to apply a time-dependent square potential to the drift tube, from potential
−Vdt to Vdt. This way, a continuous beam of electrons will create two well separated
lines on the detector, with the spacing between the line directly correlated to the energy
spacing 2Vdt.

We record this image (examples can be seen on figure 4.25), and use the known energy
separation (i.e. the applied potential amplitude) to calculate the energy dispersion DE

isp
in eV/pixel (or meV/pixel). I then fit the horizontal profile of the vertical line with a
gaussian fit (or lorentzian fit, depending on the shape of the peak) and extract its full-
width at half-maximum (FWHM) ∆x. The energy spread ∆E is then given by:

∆E = DE
isp∆x (4.44)
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FIGURE 4.24: Electron spot with increasing electric field in V/cm. The hori-
zontal spot size represents the electron energy spread, revealed by the mag-
netic sector. The last images are clipped and represent the maximum energy

width than can pass through the spectrometer at once.

We note that a proper tuning in the XZ plane gives clean gaussian profiles, whereas a
lorentzian fit is more appropriate when the focus is not done properly. This is a purely
empirical remark, and the quality of the fit needs to be checked before concluding on the
observed energy spread.

When the vertical lines are straight enough, the horizontal profile is constructed from
the whole picture, but when the lines are too curved we take the profile over a smaller
region. This is done cautiously, as this can underestimate the actual energy spread. The
idea is that this must not filter out parts of the energy distribution, so we take the profile
only on parallel lines, over the center of the line. We present two cases on figure 4.25, that
shows a situation where a selective horizontal profile is acceptable, and one case where it
is not.

As can be seen on the left image of figure 4.25, we have two peaks that we can fit,
and the fit does not give the same results in terms of width. This difference is due to
a combination of homogeneous broadening of the MCPs, phosphor screen and camera
detection, and a differential sensitivity of the MCPs. In other words, the peak is wider as it
becomes more intense, and the intensity depends on the position where this beam hits the
detectors, so the width of the peak depends on the position of the beam on the detector.
This effect was more and more obvious as we went along with the measurements, because
the MCPs started to be damaged in the center where the electron beam was most of the
time, sometimes even over-focussed.

Here it should be clear that this width is entirely a detection artefact, and the real
energy spread of the electron beam will always be smaller than what we can measure
from the fit. This is why the energy spread values are taken from the thinner peak in all
the following.

4.3.1 Highest resolution at 1.5 keV

We did measurements to establish the highest attainable resolution on our spectrometer,
with the help of the optimised quadrupoles. Resolution has different definitions, but
here we give it in terms of Sparrow criteria, meaning that the resolution is given as the
smallest energy difference between two discernible gaussian peaks[37]. Here it means
that the resulting profile from two peaks separated exactly by the resolution will have a
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FIGURE 4.25: Two different experimental images acquired under differ-
ent tuning of the spectrometer, showing well separated peaks (a) and non-
separated (b) from the rectangular drift-tube potential, with a pictogram in-
dicating if a partial horizontal profile can be advised in this case. For both
measurements the energy separation is 100 meV, and the two lines are clearly
distinguishable. On the bottom of this figure is the resulting horizontal pro-
file of case a), with a gaussian fit of the two peaks, showing different widths

for each peak.
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FIGURE 4.26: Energy resolution analysis at 180 eV showing experimental
image on the left, a full image horizontal profile showing bad focusing with
two well-defined peaks. These peaks are separated by 40 meV with an ad-
justable two-step potential. The shape of the thinnest peak is extracted and
copied twice plotted in the right plot, with an x-distance to make the two
peaks appear in the cumulative shape. This analysis yields 21 meV of energy

resolution.

saddle-like shape. We take the measurement presented on figure 4.25 and extrapolate the
resolution to be around 60 meV.

The value of 60 meV for the close-to-optimal resolution at an energy of 1.5 keV gives a
ratio of 4× 10−5. This is quite close from the value of 1× 10−5 quoted in the literature. We
are not certain that this value is the lowest value that we could measure, because it could
also be the actual value of the electron spread of the beam that we used as a reference
for the experimental peak. Indeed this measurement was done with photo-ionisation
electrons, under an electric field of 12 V/cm. Equation 4.21 and an ionisation zone of
50 µm already gives the value of 60 meV of dispersion, so we cannot conclude that we
obtained the final resolution of our instrument, because the electron source spread itself
could be larger.

We performed additional experiments at lower potential (around 180 eV, electric field
of 1.8 V/cm), to see the influence of the nominal energy to the energy resolution of our
spectrometer. Results can be seen on figure 4.26, clearly showing non-optimal focus-
ing. However, we can safely derive a value for the highest resolution attainable under
these circumstances around 21 meV, showing ∆E/E = 1.2× 10−4. Electron trajectories
simulation showed that in this field configuration the optimal values for V2 and V3 were
experimentally unattainable, thus decreasing the ∆E/E ratio.

4.3.2 The effect of the extracting electric field in photo-ionisation

This motivated us to study the influence of the electric field on the measured energy
dispersion, first to confirm that equation 4.21 applies and to see if the low limit for mea-
surement could be extrapolated from this data.

This study was done with photo-ionisation of the caesium atoms, and the results are
presented in figure 4.27. Given that we obtained 60 meV at 1.5 keV, we lowered the start-
ing potential to have electrons around 1 keV, to see if the resolution improved (as the ratio
∆E/E is supposedly constant).
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FIGURE 4.27: Experimental values of the energy spread for a photo-
ionisation electron beam at 1 keV, with increasing extracting electric field
strength, in log scales. This features a very good linearity at high fields, prov-
ing the applicability of equation 4.21. This linear behaviour breaks down
around 50 V/cm (or around 150 meV) and lower values of the electric field
do not give systematic lower energy spread. The fit at high fields gives us an

estimate for the ionisation zone of 27 µm

The data presented on figure 4.27 clearly shows that the energy spread is higher than
135 meV at best, no matter the electric field amplitude. This is in contradiction with the
expected behaviour of very low spread from very low electric fields. Furthermore, it is
surprising that the lowest measured energy spread (i.e. the energy resolution) at 1 keV is
more than twice the resolution at 1.5 keV, contrary to the intuition that ∆E/E is constant.
This discrepancies will be further discussed in section 4.3.5, but we attribute the relatively
higher measured energy spread to instrumental limitations, and not to an actual electron
energy spread limitation.

4.3.3 Rydberg ionisation versus photoionisation

An important study with the functioning apparatus was to compare the energy spread of
a photo-ionisation source, and a Rydberg ionisation source. For these measurements we
put the potential of electrode 5 at−1883 V, electrode 1 at−1012 V, creating an electric field
of ≈ −2170 V/cm at the center of the electrodes. We put V2 = −350 V and V3 = −400 V
to have a good crossover in front of the spectrometer.

The lasers are centred with the method presented in section 3.2.1. The images pre-
sented on figure 3.7 represent an electron current around 60 pA on the inner tube, whereas
tuning the Ti:Sa laser to 787.238 nm to directly photo-ionise creates 5 pA at best. In terms
of electron current, Rydberg field-ionisation is clearly superior, and other configurations
of lasers and Rydberg states gave us up to 500 pA.

However, in this particular set-up, the energy analysis shows no improvement in
terms of energy spread, in comparison with the photo-ionisation case. This is simply
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FIGURE 4.28: Planar cut of the electrodes already presented on figure 3.2. On
top of the equi-field lines (red lines every 10 V/cm, blue lines every 2 V/cm,
green lines every 0.2 V/cm) we added equipotential lines in orange, sepa-
rated by 10 V. A pink disk of radius 30 µm indicates the approximate ion-
isation zone. This clearly shows the strong curvature of equi-field lines in

comparison with equipotential lines.

because, as stated in section 4.1.4, the only way to do better at a given electric field, is
to have a smaller ionisation zone than the ionising laser spot. In the case of Rydberg
field-ionisation, it can be achieved if the electric field resonance condition imposes an
ionisation zone smaller than the laser spot. We will see in the next section why it is not
the case here.

4.3.4 Field inhomogeneity in published electrodes design

If we take a look on the electric potential created by the electrodes, presented on figure
4.28, it is apparent that the equipotential lines (in orange) are vertical, straight in the XY
plane, while the equi-field lines are highly curved (see the red, blue and green curves).
This means that one electric field value will span out to a large range of electric potentials.

In terms of energy this means that the electrons created on a certain equi-field line
(due to selective excitation of ionising Rydberg states) will have very different start-
ing potential, and thus a large energy spread at the end of the acceleration zone. This
explains why this electrode design is not adapted to produce very low energy spread
with Rydberg field ionisation. The model presented in section 4.1.5 is therefore not valid
here, because the term ∆VCurvature is greatly under estimated. Indeed, the obtained result
(∆VCurvature =

−3r2

8 F′) is very dependent on the assumption that the field gradient is con-
stant over the ionisation zone, so that we can ignore higher terms in the decomposition
of the electric field over z and r. This condition is actually not fulfilled in our electrodes,
and the highly-curved field lines visible on figure 4.28 come from higher order terms. As
an illustration of this high-order behaviour of aperture electrodes, we took data from the
Simion software of our actual electrode configuration and tried to find the appropriate
values of F, F′ and F′′ to reconstruct the lines in a pure gradient configuration (F′′ = 0 as
in the derivation of equation 4.29) or even with non-zero F′′. Examples of the obtained
lines can be seen on figure 4.29, showing that the simulated field lines in our experimental
electrode configuration (middle panel) do not resemble a "pure gradient" situation (top
panel) but shows instead similarities with high-F′′ situations (bottom panel). This clearly
demonstrates that the derivation of ∆VCurvature is not directly applicable to our electrodes
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but represent rather a minimum value for the influence of the curved electric equi-field
lines.

From there, we can improve the model and re-derive ∆VCurvature from eq. 4.25, without
making the assumption that V(≥3) = 0. This would give us a better estimation of the
energy spread in situations with highly-curved field lines, but these would only show
higher energy spread than the pure gradient situations. The other approach is to try to fit
the experimental electrode configuration to this idealised case, an idea that we explore in
section 4.4.1.

4.3.5 Additional experimental limitations

During the course of the energy spread measurements it became clear that the electrodes
were fixed in a somewhat inappropriate manner (see section 3.1.1). This assembly does
not guarantee that the electrodes are very concentric, nor very parallel. This creates some
experimental issues that made our efforts tedious, and limited the range of possible elec-
tric field configuration. Indeed in some cases (in particular when electrode 3 was at high
potential amplitude), the electron beam was completely unaligned with the rest of the
instrument and the deflectors had to correct large angles. Figure 4.18 shows that in some
electric field configuration it is required to put high potential on V3, which in turn has
some detrimental effect on the measurement precision.

As an example, we wanted to measure the influence of the electric field amplitude
on the energy spread of the electron beam at a central potential of 1.8 kV. At very low
electric field, the Simion analysis for the V2 and V3 appropriate potentials gives values of
V2 = −400 V and V3 = −1220 V (see figure 4.17), to have a virtual source about 10 cm in
front of the spectrometer. This high-excitation of electrode 3 induced a large displacement
of the electron beam that we could not correct efficiently with the deflectors. Thus we
had to fall back a not so proper configuration to be able to place the electron beam at the
center of the quadrupoles. This non-optimal tuning of electrode 3 lowers the precision
of the instrument, and we could not measure any dispersion lower than 280 meV under
these conditions, even with very low electric fields.

The first version of this set-up had no deflectors between the source and the spec-
trometer’s entrance, and it was not possible to achieve any measurement because of that.
We thus modified it by inserting deflectors between the source and the spectrometer, that
allowed us to correct the misalignment of the electrodes.

However this correction was not always possible in the field configurations with the
highest deviation from the optical axis, as these deflectors were not designed to cor-
rect large angles. We can see on figure 4.30 the clear correlation between the voltage
on electrode 3 and the required deflection on the first deflector. This means that the
field/potential configurations that require a high voltage on electrode 3 for proper tun-
ing (as seen on figure 4.18) also require high deflection. These high-angles most proba-
bly induce aberrations and non-paraxial trajectories in the spectrometer, decreasing the
precision of measurement on the energy spread. Indeed the spectrometer relies on well
defined and controlled electron trajectories to measure energy, and any deviation from
the expected trajectories will directly decrease the precision of measurement.

Another related issue that limits the range of accessible parameters (mainly the start-
ing potential of the electrons), is the inefficient magnetic shielding of the apparatus. This
was particularly true in the electron source region where the µ-metal shielding has to be
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FIGURE 4.29: Comparison of actual equi-field lines in our experiment as
simulated in the Simion software (also shown on figure 4.28) (middle), with
lines coming from a "pure-gradient" field F′′ = 0 (top) and coming from op-
timising the value of F′′ to best fit the actual lines (bottom). Clearly a "pure-
gradient" model does not hold, and the curvature of the field lines is due to

the influence of high order terms, initially neglected.
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FIGURE 4.30: Evolution of the required deflection with the voltage on elec-
trode 3, showing a clear correlation between these two values. The deflection
potential saturates at −32 V because it was the highest possible value of the

stabilised-voltage supply that we used.

modified to incorporate the deflectors. This resulted in a non-optimal shielding, and a
simple magnetic optical post held at 10 cm outside of the vacuum chamber had visible
effect on the electron spot at the detectors. This also explains why the energy resolu-
tion/energy ratio ∆E/E is not constant over the whole energy scale, and is particularly
low at energies below 1 keV. This is also one possible reason why we could not measure
very low energy spread at very low extracting electric fields. Indeed when the electrons
are created under a low extracting field, they are not strongly accelerated, spend some
time in the electron source where the shielding is inefficient and accumulate influence of
the external magnetic field that is detrimental to the proper energy measurement.

Overall we realised that the energy spread measurement with the Gatan 666 PEELS
is not very straightforward, and that a very good knowledge of the whole apparatus is
required to be able to retrieve genuine data on our electron beam. This explains why
it took approximately a year between the installation of the spectrometer on our set-up
and the first reliable results. This allowed us to fully understand the functioning of the
spectrometer, and to identify crucial points for a proper measurement. The actual set-up
was not able to perform definitive experiments on the link between Rydberg forced-field
ionisation and the electron energy spread, but we clearly understood what was in the
way of such measurements and can envision a new version of this set-up that could give
interesting data on this problem.
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Section summary
Results of the electron energy spread measurements

This section contained results of energy spread measurements obtained with the
electron spectrometer. We determined the optimal energy resolution of this instru-
ment to be 60 meV at 1.5 keV, giving a ratio of 4× 10−5. Lowering the energy to
180 eV gave a value of extrapolated resolution of 21 meV (but with non-optimal
electron focusing, indicating higher energy spread), far from the optimal value if
the ratio were constant. Studies on the influence of the electric extracting field on
the energy spread at an energy of 1 keV showed a departure from proportionality
at low field values. As the experimental limit of the energy spread was higher than
the lowest resolution obtained at higher energy, I concluded that this lower bound
comes from inappropriate focusing of the electron beam in the spectrometer, due
to inadequate energy/field combination. Experiments on Rydberg field-ionisation
also revealed a critical issue of using aperture electrodes to apply the electric field:
the induced field-curvature is much more intense than what can be predicted from a
back-of-the-envelope gradient estimation. Thus the use of resonant space-field con-
ditions for the ionisation of Rydberg atoms needs to be associated with controlled,
flat equi-potential and equi-field lines, thoroughly simulated in an appropriate soft-
ware.

4.4 Propositions for a highly-monochromatic electron source

4.4.1 A better electrode design for improved control of electric field
lines

Now that we have a better understanding of the sources of energy spread in Rydberg
field-ionisation electron beams, we can envision an optimal configuration of atomic beams,
laser and potential/field lines. This is what we do in this section, with two different
propositions. The only difference between these propositions is the direction of the neu-
tral atomic beam in relation to the electron optical axis.

The important part of these propositions is the need to shape the electric field lines to
control their curvature. This is impossible to do with only two electrodes influencing the
field lines at the center. Indeed this gives only two degrees of freedom, that are used to
fix the potential and the electric field at the center, but all other quantities are fixed and
determined by these two potentials, plus the geometry. For an improved control of the
gradient of the electric field and higher order terms we need new degrees of freedom.
One way to achieve that is to increase the inner bore of the central electrodes to increase
the influence of the further two electrodes. Such an electrode configuration can be found
on figure 4.31, where four electrodes have strong influence on the field lines at the center.
This brings two new degrees of freedom, that can be used to shape the field lines to some
degree.

One efficient way to shape the electric field lines is to use the potential decomposi-
tion presented in equation 4.23, that allows to express the potential at any point from
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FIGURE 4.31: Planar cut of an electrode design that allows shaping of electric
field lines with four electrodes. Here electrode 1 is at −999.43 V, electrode 2
is at −1001.28 V, electrode 3 at −994.9 V and electrode 4 at −1002.36 V. Black
numbers close to arrows are distances in mm. Green lines are equi-field lines,
every 0.2 V/cm. Blue line is the equi-field line at 9.177 V/cm. Red lines are
equi-potential lines, every 0.1 V. This configuration shows flat potential and

field lines at the origin.

the potential on axis, for example for points on electrodes. First we choose a value for
the potential (i.e. final electron energy) and the electric field values at the center of the
electrodes. We use Mathematica to visualize the resulting 3D-electric field and to tune the
electric field gradient and its gradient to achieve close-to-flat lines. When appropriate val-
ues are found, we calculate the corresponding potential at the position of the electrodes,
then we use these potentials in the Simion software to check the electric field lines. This
procedure gives good results, as can be seen on figure 4.31, where we were able to obtain
both flat potential and field lines at the origin. This minimizes the energy spread term
∆VCurvature.

4.4.2 Proposition 1: RFI with orthogonal atomic and electron beams

This first proposition for an improved set-up starts with orthogonal beams, as depicted
on figure 4.32, and uses the ionisation process described as Rydberg-field ionisation (RFI).
The crucial aspect of this process (see section 4.1.4) is the possibility to create electron/ion
pairs in small regions, thanks to the field-resonant condition.

The first two lasers (852 nm and 1470 nm) are focused to beam sizes around 30 µm in
all directions, and cross a neutral caesium atomic beam with a width in the x direction
of 100 µm at the center of electrodes designed to have a full control of the potential, the
electric field and the electric field gradient. The intensity of the lasers is enough to saturate
the transitions and produced high-density of atoms in their 7S state. The ionising laser
propagates along the x direction and is cylindrically focused to a beam size of 5 µm in the
z direction and 30 µm in the y direction. The electric field must be very low, not bigger
than 10 V/cm, to keep the energy spread below 10 meV. The field configuration should
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FIGURE 4.32: Schematics of the proposition 1, featuring RFI with orthog-
onal beams in Simion, with the caesium beam (in green), the laser spot
(5 µm*30 µm)(in orange) and the ionisation zone (in brown), not at scale. The
initial atomic velocity oriented along y pulls the created ions out of the optical

axis.

be tuned to have flat equi-field and equi-potential lines as in figure 4.31 to minimize
∆VCurvature. The ionising laser is precisely tuned to excite a rapidly ionising state at this
field value, which is both sufficiently fine and isolated to ensure a good spatial selection.

Such a state can be found on figure 4.33. It is intense and relatively isolated from other
states. Its remarkable properties are the result of the mixing of 6 states in a close vicinity,
resulting in a very rapid change in its coupling to the continuum.

If we look at the electric field corresponding to the star on figure 4.33, i.e. 9.177 V/cm
at −17.7692 cm−1, here the state can be fitted by a Lorentzian width of 5.57× 10−4 cm−1

or 16.7 MHz. This gives a ΓRy of 1.05× 108 s−1 and is equivalent to a lifetime of 9.53 ns.
We can now estimate the energy spread resulting from the ionisation of this state in

the electrode configuration shown on figure 4.31. Although we are in the context of RFI,
the model presented in section 4.1.5 does not apply fully, because of the perpendicular
orientation of the neutral and electron beams. This means that the atomic velocity is
oriented primarily along equi-potentials lines, so even a large ionisation zone in that di-
rection (from a long lifetime) does not increase the energy spread of the resulting electron
beam. We can thus safely neglect ∆VLi f etime. From the parameter optimisation presented
in section 4.1.5, we can see that neglecting ∆VLi f etime opens up the possibility to use states
with long-lifetime, as this term was dominant at small ΓLi f etime. This will allow ionisation
of thin states, and thus a more stringent spatial selection.

For the estimation of the energy spread due to different starting potential (∆VStark
and ∆VCurvature) I rely on the field simulation in Simion to relate a field range (the range
of different fields where the electrons will be created) to a potential range (that will be
transformed into a kinetic energy spread down the column). To estimate the field range
∆F (due to the spectral width of the transition ∆νSpec. =

(
Γ7s + ΓRy

)
/2π and the state’s
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FIGURE 4.33: Stark maps of a state that could be used in a monochromatic
Rydberg-field ionisation electron source. The top panel shows the state evolv-
ing rapidly into a rapidly ionising state, from an intense and thin state. The
star denotes the state’s position at a field of 9.177 V/cm where its width in-
dicate an ionising rate of 1.05× 108 s−1. It is relatively isolated from other
states. The bottom panel shows the 6-state Stark mixing occurring at lower
fields in higher field resolution (one plot every 2× 10−4 V/cm, that explains

the rapid evolution of the state’s coupling to the continuum.
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FIGURE 4.34: Results of the resonant conditions on the starting location of
electron-ion pairs in a simulation of the excitation of the state presented on
figure 4.33 in the field configuration presented on figure 4.31. Particles are
generated at random in the laser spot region (see figure 4.32), and their start-
ing field is analysed for the three dimensions (x and z in panel a), z and y in
panel b)). The resonant condition (∆F = 1.33 mV/cm) makes the ionisation
zone (in brown) very small in the field (z) direction (∆z ≈ 1.8 µm), and longer
in the orthogonal directions where it is limited by the laser waist (30 µm in

the y direction and the atomic beam waist in the x direction (100 µm)).

Stark slope dν
dF ) I use:

∆F = ∆νSpec./
(

dν

dF

)
(4.45)

From figure 4.33 I can estimate the Stark slope of this state to be dν
dF = 0.5 cm−1/(V/cm),

and its linewidth ∆ν = 20.0 MHz, which gives:

∆F =
6.67× 10−4

0.5
= 1.33 mV/cm (4.46)

To relate this field range to the potential range, I simulate a large number of pair cre-
ations around the origin of my simulation, and select only the electrons and ions created
at the field value of 9.177 V/cm± 1.33 mV/cm as can be seen on figure 4.34. This shows
how the spatial selection inherent to RFI acts, by selecting only the atoms that experience
the field resonant with the laser. The small linewidth of the state chosen here (thanks
to the orthogonal arrangement) makes the spatial selection very stringent. The resulting
size of the ionisation zone in the z direction is 1.8 µm.

I then check the starting potential for each of these selected pairs, and I find that the
determination of the starting potential distribution is limited by the simulation’s grid
resolution, which is at 1 mV. I can thus conclude that the energy spread (FWHM of the
energy distribution) from differential starting potential would be less than 2 meV.

The effect of the ionic space-charge and electron-electron interactions will be dealt
with in details in section 4.4.4, and we will see that in this configuration the energy
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spread should be kept under 5 meV. Provided the potentials are supplied with a sta-
bility of 1× 10−6 (less than 1 mV ripple at 1 kV), this source could potentially produce an
appropriate electron beam for HREELM.

I note that the presence of ions will also surely influence the electric field lines and pos-
sibly alter their flatness, but a more detailed investigation would be needed to evaluate
precisely this influence. For a continuous production of electrons, the density of ions will
rapidly arrive at a stationary value, so this influence (shifting the field-lines for example)
may be compensated for by slightly changing the electrode potentials or the wavelength
of the ionising laser. The precise electric-field value to excite this state should of course be
tuned experimentally in function of the field experimental inhomogeneities, and whether
it gives better results to increase the lifetime of the state (excite the state at a point where
its Γ is smaller) in order to tighten the spatial selection. The electric fields of 10 V/cm is
enough to efficiently extract the electrons and this configuration could very well repre-
sent a viable option for HREELM. Simulations on the published HREELM design showed
good compatibility with this extraction field[27].

Concerning the current, the ionisation zone would represent only a thin (but rather
long) slice of surface S of the atomic beam (see figure 4.32), meaning that only a small
portion of the total neutral atomic beam would be excited and ionised. That would re-
quire a dense atomic beam to produce enough electrons: the density of neutral ground
atoms dprop.1

Cs to produce a continuous beam of I = 100 pA is:

dprop.1
Cs =

I
eγTotSv0

(4.47)

with γTot a global ionisation efficiency from the ground state coefficient. To estimate γTot

I define:

Nel = N7SγION (4.48)

N7S = N6Pγ1470 (4.49)

N6P = N6Sγ852 (4.50)

with N being the stationary number of electrons, atoms in the 7S, the 6P or the 6S state in
the ionisation zone, and γ the conversion efficiency between these different states, γTot =
γION ∗ γ1470 ∗ γ852 and Nel = γTotN6S, which make the link between the electron density
and the ground state atomic density. Taking reasonable values for γ852 = γ1470 = 0.58,
γION (0.1, see the estimation in section 4.1.2) and S = 1.8 µm ∗ 100 µm (∆z given by the
resonant condition and ∆x given by the neutral beam width), I finally have:

dprop.1
Cs =

100× 10−12

e ∗ 0.5 ∗ 0.5 ∗ 0.1 ∗ 1.8 ∗ 100 ∗ 10−12 ∗ 274
= 5× 1011 cm−3 (4.51)

This calculated required atomic densities is in the upper end of most reported values
for densities in collimated neutral caesium beams: 109cm−3 − 1011cm−3[39], 1010cm−3[40],

8Coherent-transfer methods could allow a better efficiency, as already demonstrated in a cold electron
source[38]
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FIGURE 4.35: Schematics of the proposition 2 in the Simion electrode simu-
lation, featuring RFI with collinear beams, with the caesium beam (in green),
the laser spot (in orange) and the ionisation zone (in brown), not at scale. The
initial velocity oriented along z creates a turning-point for the ions down the

electron beam represented at z = ztp

3× 1013 cm−3[41] (a surprisingly high value). This justifies the caesium oven studies re-
ported in section 3.1.2 to lower the angular spread of the produced beam and thus in-
crease its density at the laser intersection.

4.4.3 Proposition 2: RFI with collinear atomic and electron beams

The second proposition uses the same state and the same electric field/potentials. The
main difference is that the neutral beam is now parallel to the electron axis, as shown on
figure 4.35.

This orientation changes mainly two things: the density of ions in the ionisation zone
and the overlap between the atomic beam and the ionising laser beam9. The first effect
will be dealt with in details in section 4.4.4, and I focus on the second effect here. Ori-
enting the atomic beam along the electron axis would indeed increase the intersection
between the atomic beam and the ionisation zone, and thus require a less dense atomic
beam to produce enough electrons. Indeed the very small ionisation zone (∆z = 1.8 µm)
in the previous proposition comes from a stringent spatial selection of RFI. In the collinear
configuration a larger portion of the atomic beam will be in the resonant region (see figure
4.35) because, with a neutral beam of waist 100 µm in the x direction, the overlap is the
bigger rectangle S = 100× 30× 10−12m−2. The required atomic density is now:

dprop.2
Cs = 3× 1010 cm−3 (4.52)

9It would also mean that the neutral caesium beam is oriented towards the rest of the electron column,
which could cause caesium pollution. This can be avoided with a retractable on-axis cold finger placed at
the center of the beam-separating prism (where the electrons don’t pass)
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while following the same strict resonant criteria, thus relaxing the conditions on the
atomic beam density without increasing the energy spread due to the extracting field10.

In this collinear configuration the velocity of the ions v0 is oriented along the electric
field principal component. This means that the electric field will reflect these ions back to
the direction where the neutral atoms came from. The position of the turning-point of the

ions is given by ztp =
mionsv2

0
2qionsF , which gives 56 µm in our configuration (see figure 4.35).

I note in passing that the collinear orientation allows a variant of this proposition,
that would be to use velocity-induced field-ionisation (VIFI) instead of RFI. In the VIFI
mechanism, the target Rydberg state must be excited where it is the most intense and
stable, and the velocity of the atom will drive it to higher electric field regions, where it
will rapidly ionise. Looking at the Stark map on figure 4.33, we see that the chosen state
(5) is the most stable and intense at a field of 9.155 V/cm. In the hypothesis that we excite
it at this field, we can calculate the ionisation probability P[F(z)] from equation 4.19,
and the procedure introduced in section 4.1.3. We take an atomic velocity of 274 m/s,
typical for caesium effusive beams. This gives us the shape of Γ(F), visible on figure
4.36, along with the shape of P[F(z)]. This plot shows that for the state 5 excited around
9.155 V/cm, 68.27% of the ionisation occur in a field slab of ∆F2σ = 0.0115 V/cm, which
corresponds to twice the standard deviation of a Gaussian peak. The FWHM is given by
1.18 × ∆F2σ = 0.0135 V/cm which, in our field configuration, corresponds to a slab of
7 µm and a potential difference of 6.4 mV.

It is apparent from equation 4.19 that the initial velocity of the ions plays a large role on
the size of the ionisation zone, and in the density of ions in the ionisation zone. Increasing
the velocity will increase the size of the ionisation zone and the resulting energy spread
but does not change the ion density until the velocity is low enough for the ions to be
directly removed from the ionisation zone by the electric field. I note that VIFI with this
state could produce much smaller ionisation zone in a higher field gradient[25], but I don’t
detail it as it would need an entirely different electrode set-up.

The proposition 2 thus rests on RFI with stringent resonant condition as it gives a
lower energy spread.

Thus the two propositions (1 and 2) will differ in the influence of the ionic space-
charge, and the atomic density required for the same electron current (by a factor of 17). I
have already analysed the density difference, and I can now study the ionic space-charge
differences.

4.4.4 Simulating the performance of electron sources

I performed accurate particle simulations of the extraction of the electrons in the presence
of the ions, to evaluate the impact of the photo-ions and the inter-electron interactions
on the resulting electron energy spread in the two proposed configurations and in some

10There is indeed a slight increase in the energy spread as the velocity of atoms in now oriented along
the electric field, and atoms at v0 = 274 m/s with an ionisation rate of ΓRy = 1.05× 108 s−1 are excited
on 1.8 µm but ionise in 2.6 µm. This would normally increase the energy spread in comparison to prop. 1.
However, for the simplicity of the comparison between props. 1 and 2, I keep the same value of ∆z. We
must keep in mind that, in this collinear configuration, the model introduced in section 4.1.5 shows that the
optimal value for ΓRy is around 1× 109 m−1 (see figure 4.10 c)). Experimentally this would simply mean to
address the state at a slightly higher electric field and retrieve the same energy spread as in prop. 1
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FIGURE 4.36: Determination of the electric field slab in the case of VIFI. The
left panel presents the evolution of the ionisation rate of the state 5 presented
in figure 4.33 in an increasing electric field. Values are extracted from the
Stark map and fitted by a 2-degree polynomial. The right panel uses this fit
to calculate the ionisation probability from equation 4.19 in function of the
electric field, at v = 274 m/s and in the electric field configuration presented
on figure 4.31. From that we obtain an estimation of the resulting ionising
field spread ∆F2σ which entails 68.27% of the distribution. The FWHM of a

Gaussian peak is then given by 1.18× ∆F2σ.

variations of these propositions. I used the General Particle Tracer[42,43] code to simu-
late the trajectories of 3120 pairs of ions and electrons created almost at rest at random
positions (but not closer than 1 µm from another particle) in a 5 µs time interval. This
corresponds to an electron current of 100 pA11. Table 4.3 shows the 12 performed simu-
lations and the tested parameters, with the impact on the potential difference energy and
the inter-particle-related energy spread and potential shift.

These simulations show the performance of the sources described in sections 4.4.2
and 4.4.3 taking into account all the dominant sources to the energy spread as described
in section 1.4 (comparing simulations n°5 and n°6 for proposition 1 and n°7 and n°8 for
proposition 2). I can thus safely assume that the resulting electron energy spread is close
to what an experimental realisation would give. The comparison between all simulations
are done in details on figures 4.37, 4.38 and 4.39. These simulations also allow to compare
my propositions with an hypothetical cold atom electron source using RFI (|v0| = 0,
with the simulations n°9, n°10). Simulations n°1, n°2, n°3 and n°4 show the impact of
using RFI to lower the ionisation zone size in the field direction ∆z from 7 µm to 2 µm, in
comparison to a situation close to threshold-photoionisation (n°3 and n°4) and the VIFI
variant of proposition 2 (n°1 and n°2).

It clearly shows that reducing the size ∆z of the ionisation zone (with RFI for exam-
ple) reduces the potential difference term (from 5.5 meV to 1.8 meV), but also increases
the impact of inter-particle interactions (IPI: electrons-electrons interaction, space-charge

11for some cases, the computer code stalled around 3 µs, so I stopped the particle creation at 2 µs, thus
reducing the number of simulated pairs down to 1248 but conserving the same current. Figure 4.38 shows
that stationary state is attained before 1 µs so this only reduces the statistics but still captures the essential
behaviour



172 Chapter 4. A continuous electron beam from the ionisation of Rydberg atoms

N° Beams ∆z(µm) |v0|mean (m/s) IPI ∆Vshi f t (mV) ∆E (meV)
1 (VIFI) ‖ 7 274 ON -22 8.1
2 (VIFI) ‖ 7 274 OFF 0 5.5
3 (Phot.) ⊥ 7 274 ON -14 7.6
4 (Phot.) ⊥ 7 274 OFF 0 5.5

5 (prop. 1) ⊥ 2 274 ON -14 7.6
6 (prop. 1) ⊥ 2 274 OFF 0 1.8
7 (prop. 2) ‖ 2 274 ON -22 3.7
8 (prop. 2) ‖ 2 274 OFF 0 1.8

9 - 2 0 ON -24 4.7
10 - 2 0 OFF 0 1.8
11 - 7 0 ON -24 5.8
12 - 7 0 OFF 0 5.5

TABLE 4.3: Sum-up of the performed GPT simulations, showing explicitly
the tested parameters in each case and the resulting potential shift and energy
spread. These simulations allows to test three parameters: the relative orien-
tation of the neutral atom and the electron beam, the ionisation zone exten-
sion in the field direction (∆z), and the mean amplitude of the initial atomic
velocity (|v0|). To test the effect of these parameters on the ionic space-charge
and disorder-induced heating (see sections 1.4.2 and 1.4.4), I must simulate

all these cases with and without interparticle interactions (IPI).

effect of the ions and stochastic electron-ion interaction). This increase is the biggest when
the atomic beam is orthogonal to the z axis (simulations 5,6), featuring 5.8 meV of addi-
tional energy spread due to the IPI, where a parallel beam (simulations 7,8) feature only
1.9 meV of additional energy spread. I interpret this high value of added energy spread
in the case of an orthogonal beam as mainly due to ionic space-charge, along the y axis.
As the beam has an extent of 30 µm in the y direction, the electric field induced by the ion
accumulation at positive y induces a potential difference on the electrons, depending on
their initial y value.

In a bigger ionisation zone (∆z = 7 µm), the difference in the impact of IPI is smaller
(and inverted), with 2.1 meV and 2.6 meV additional energy spread for orthogonal and
parallel beams respectively. This can be explained by the fact that increasing the ∆z size
of the ionisation zone decreases the density along other coordinates, particularly along y
(because the current is kept the same). This thus reduces the effect of ionic space-charge
along y and decrease the associated energy spread. However, the fact that ions travel
back and forth in the ionisation region probably increases the stochastic ion-electron in-
teraction, leading to an increased energy spread in the parallel configuration than in the
orthogonal configuration.

The lowest energy spread in the six simulations with IPI is 3.7 meV and is obtained
with a small ionisation zone in the z direction (∆z = 2 µm), parallel beams and an atomic
beam velocity of 274 m/s (simulation n°7). The same parameters but with cold atoms
(v = 0 m/s) (simulation n°9) gives an energy spread of 4.7 meV. This shows that the back-
and-forth movement of the ions actually removes 1 meV from the energy spread (24% of
the total energy spread). This can be explained by the fact that, once the stationary state
is attained, the electrons are created in-between two cylinders of charged ions (the ones
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travelling towards +z and the ones travelling towards −z). This situation is probably
more favourable in terms of detrimental ion space-charge than when electrons are created
at the end of an ion cylinder (like in the cold atom case where no ion travels towards the
+z axis).

Figure 4.37 shows the transverse positions of electrons after extraction, that is di-
rectly related to the emittance of the electron source. Very clearly we see the increase
in emittance due to inter-electron Coulomb repulsion (as stated in section 1.4.4), that
increases the transverse cross-section of the electron beam in all simulations where in-
terparticle interactions are activated. Without interactions the transverse emittance is
εT = 2.52× 104 µm2 (m/s)2 and εT = 4.92× 103 µm2 (m/s)2 while it becomes, for propo-
sitions 1 & 2 (simulations n°5-8), 8.08× 1012 µm2 (m/s)2 and 1.17× 1014 µm2 (m/s)2, re-
spectively. The fact that ions are travelling back and forth in the ionisation region in the
parallel configuration with initial atomic velocity along z leads to an emittance growth 74
times bigger than in the orthogonal configuration (proposition 1). This increased emit-
tance comes in part from the electron-electron (reversible) repulsion, but also in part from
the Loeffler effect (irreversible, see section 1.4.4). The electron-electron repulsion should
be very similar in both cases so the factor of 74 comes mainly from increases electron-ion
interactions. Quantifying the reversible/irreversible fraction of this emittance increase
would require further analysis. Another noticeable feature is the lowest spot size in the y
axis than in the x axis, showing that the ions have a slight focusing role in the y axis.

Figure 4.37 also clearly shows that in the orthogonal configurations (simulations n°3
and n°5) the ionic space-charge displaces the electron beam off-axis, at y = +120 µm in
the direction of the initial atomic velocity. This is explained easily by the initial velocity of
atoms in the +y direction that leads to the accumulation of ions in the positive y region,
that steer the electron beam toward positive y. It is an important effect to have in mind,
that could potentially induce beam displacement in the column. This would thus need to
be corrected in an actual source, probably best with a mechanical correction to the angle
between the electron source and the rest of the column.

Figure 4.38 shows the dynamics in the electron energies for all simulations, showing
the energy spread due to starting potential differences, the energy spread due to inter-
particle interactions (both additional starting potential differences due to ionic space-
charge and disorder-induced heating, see sections 1.4.2 and 1.4.4), as well as the evo-
lutions of these energies over time. Clearly in the case of active inter-particle interactions
there is a transient evolution during 1 µs towards a stationary state, due to the slow ac-
cumulation of ions in the ionisation zone. This evolution lowers the final absolute elec-
tron kinetic energy (shifts the starting electron potential of ∆Vshi f t) by 14 meV, 22 meV
or 24 meV depending on the different parameters (see table 4.3). Once in the stationary
state, we can analyse the energy spread without IPI and with IPI. This inter-particle re-
lated additional energy spread comes mainly from disorder-induced heating (as shown
by other simulations with only space-charge interactions that don’t show additional en-
ergy spread12).

This figure shows clearly that, depending on the beam orientations, ∆z and v0, but
with the same electron current, the energy spread due to disorder-induced heating will
add from 0.3 meV (simulation n°11) to 5.8 meV (simulation n°5) to the electron energy

12in GPT, there is the function spacecharge3Dclassic that entails all interparticle interactions, and the
spacecharge3Dmesh that entails only space-charge interactions. All the presented simulations are thus done
with spacecharge3Dclassic with an xaccuracy of 7 and a taccuracy of 9
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FIGURE 4.37: Transverse electron positions after extraction in the GPT sim-
ulations under a static field of 9.17 V/cm and a current of 100 pA (see text
for rest of parameters), showing the impact of interparticle interactions in
each case, for the simulations detailed in table 4.3 a) Simulations n°1-2 b) 3-4
c) 5-6 (Proposition 1) d) 7-8 (Proposition 2) e) 9-10 f) 11-12. A schematic on
each panel recalls the important parameters (orientation and velocity of the

neutral beam, size of the ionisation zone in z).



4.4. Propositions for a highly-monochromatic electron source 175

FIGURE 4.38: Dynamics of the electrons creation in the GPT simulations un-
der a static field of 9.17 V/cm and a current of 100 pA (see text for rest of
parameters), showing the impact of interparticle interactions in each case, for
the simulations detailed in table 4.3. a) Simulations n°1-2 b) 3-4 c) 5-6 (Propo-
sition 1) d) 7-8 (Proposition 2) e) 9-10 f) 11-12. A schematic on each panel re-
calls the important parameters (orientation and velocity of the neutral beam,

size of the ionisation zone in z).
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FIGURE 4.39: Electron energies after extraction in the GPT simulations, un-
der a static field of 9.17 V/cm and a current of 100 pA (see text for rest of
parameters), showing the impact of interparticle interactions in each case, for
the simulations detailed in table 4.3. a) Simulations n°1-2 b) 3-4 c) 5-6 (Propo-
sition 1) d) 7-8 (Proposition 2) e) 9-10 f) 11-12. The most probable energies
without space-charge in c) d) e) are not shown entirely and go up to 1800
counts. A schematic on each panel recalls the important parameters (orienta-

tion and velocity of the neutral beam, size of the ionisation zone in z).
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spread. This illustrates the fact that these simulations are essential to accurately predict
the energy spread of an electron source.

Figure 4.39 shows the final electron energy in all configuration with and without inter-
particle interactions. We see clearly what was already underlined in figure 4.38, that the
lowest energy spread is attained with an ionisation zone of 2 µm with an initial velocity of
the ions on the z axis. Comparing with the simulations with atoms at rest (n°9, 10, 11 and
12), we see that ionising atoms in a beam is better in terms of IPI (both for the potential
shift and the additional energy spread) than ionising cold atoms.

Section summary
A continuous electron source for HREELM

In this section I built up on the acquired knowledge on the different ionisation
phenomena and their links to the resulting electron energy spread presented be-
fore to propose a 4-electrodes configuration that allows a better control over the
field and potential curvature lines in the extraction zone; and two sets of exper-
imental conditions providing estimated energy spread of 3.7 meV (1.9 meV from
IPI and 1.8 meV from initial potential differences) and 7.6 meV (5.8 meV from IPI
and 1.8 meV from initial potential differences). These two propositions differ from
their collinear/orthogonal (respectively) configuration of the neutral atom and elec-
tron beams. The usually dominant energy spread sources were investigated and
estimated: field inhomogeneities, ion-induced space charge potential shift and
disorder-induced heating (stochastic interactions between electrons and with ions).
Simulations including detailed inter-particle calculations show a time-dependent
energy shift that is stationary after 1 µs. I conclude that the orthogonal configu-
ration induces 3 times more added energy spread and 74 less emittance growth,
but also a potentially detrimental off-axis beam shift. This could be circumvented
by proper corrective deflection or even the introduction of an controllable angle
between the source electron axis and the rest of the set-up. The parallel configura-
tion, with a small ionisation zone of ∆z = 2 µm shows the smallest energy spread
(3.7 meV) of the six tested configurations.
I thus proposed a set of experimental conditions that could be used as an elec-
tron source for HREELM. It is based on an existing Rydberg state ionised under
9.17 V/cm with a stringent resonant-field condition, giving an ionisation zone ex-
tension in the field direction of 1.8 µm. It also requires a neutral beam density of
3× 1010 cm−3 to achieve 100 pA, 17 times less dense than to achieve the same cur-
rent in an orthogonal configuration.

4.5 Conclusion on the monochromatic electron source

In this chapter I have presented the experimental efforts to produce and study a monochro-
matic continuous beam electron source. The presentation of the experimental set-up with
the Gatan electron spectrometer showed how we adapted this instrument to our exper-
iments, to experimentally test our ideas on the realisation of such a source. A further
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investigation of the different ionisation processes allowed a clear distinction between
photo-ionisation, Rydberg-field ionisation and velocity-induced field ionisation, as well
as a detailed modelling on the energy spread in the case of Rydberg-field ionisation. An
increased electron current and electron emission directionality strongly favours RFI as the
method of choice for our purpose.

Experimental limitations in the energy spread measurements were clearly identified,
but we nevertheless demonstrated a very good control of the Gatan spectrometer in an
electron energy range outside its specifications. We also demonstrated the production of
an electron beam at 1.5 keV with less than 60 meV energy spread in photo-ionisation, and
current above 500 pA in Rydberg-field ionisation (with the laser at 794.241 65 nm under
a field of 2170 V/cm). The results obtained on the experimental set-up confirmed the
modelling to a certain extent, and really underlined the importance of a very good control
of the electric field curvature in the ionisation zone. In particular it showed that the
standard aperture lenses configuration is not compatible with a monochromatic electron
beam from Rydberg-field ionisation or velocity-induced ionisation, because of the very-
high field curvature induced by the small apertures.

From there I proposed a new electrode design to allow an improved control on the
field configuration, a set of potentials that would create a flat potential/field lines config-
uration, as well as one particularly interesting Rydberg state. This state, in this field con-
figuration, in this electrode design, could be ionised by either Rydberg-field ionisation or
velocity-induced ionisation and create a monochromatic electron beam, in both collinear
or orthogonal atomic/electron beams configurations. Simulations with GPT in either case
show that the total energy spread will be less than 10 meV at 100 pA, even 3.7 meV for the
parallel configuration, making it a potential electron source for the HREELM project.

This gives us a clear roadmap for the future of these continuous beam studies, for
improving the energy-measuring set-up and confirming the low energy spread that we
predict.

During the course of this work, I also spent some time to work on an implementation
of the ideas presented this chapter on an ion source. This work took place at the Orsay
Physics company in the south of France (one week of presence there), where I provided
calculations and insights from Laboratoire Aimé Cotton. This is largely covered by indus-
trial secret and not presented here, but the main idea is to reverse the polarity of the whole
source to make it a monochromatic caesium ion source[40]. The direct application is in
the field of focused ion-beam (FIB) microscopy which is a rapidly developing technique,
widely used in the semi-conductor industry, for nano-lithography and material analysis.
The very high mass of Cs+ ions (compared to electrons) means that laser cooling the neu-
tral Cs atoms will directly improve the energy spread of the ion source. The advantage
of an ion source with very low energy spread is a better control of the impact energy,
reduced chromatic aberrations but most importantly the possibility to lower down the
final focus size of the ion beam. Usual ion sources are limited to 5 nm spot sizes, but ion
sources from laser-cooled atoms have shown spot sizes around 2 nm[44] opening-up new
possibilities in terms of surface ion microscopy, nanofabrication, and miniaturisation of
semi-conductors.
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Chapter 5

Pulsed electron source

If the human brain were so simple
that we could understand it, we
would be so simple that we
couldn’t.

Emerson Pugh

In the previous chapter I discussed the continuous beam electron source, from the dif-
ferent continuous ionisation phenomena to our attempts to measure an improvement in
the energy spread compatible with the HREELM ambitions. I detailed the implementa-
tion of a spectrometer on our set-up, and showed that our electron source can already
provide an electron beam with ∆E/E < 4× 10−5 at E = 1.5 keV. I showed that this set-
up had to be improved to be able to go further into the demonstration of lower energy
spreads. However, a continuous electron beam is not the only choice for the HREELM
project. Time-of-flight (ToF) energy analysis is a widely-used, high-precision method to
measure electrons energy spectra, and it is very possible that it will be implemented in
the final HREELM design (see section 1.1.3). As the energy analysis is a very important
aspect of the design of this instrument, the electron source obviously needs to be adapted
to its functioning. This is why during my thesis I also explored how we could provide a
pulsed electron source fitted to the pulsed energy analysis. In this chapter I discuss the
pulsed version of the electron source that should be compatible with the time-of-flight en-
ergy analysis in HREELM. I present experimental work done in Laboratoire Aimé Cotton,
as well as experiments done in Johannes Gutenberg University in Mainz in the group of
Prof. Dr. Schönhense, supported by various simulations and conceptual work revolving
around the pulsed electron source.

I won’t review the field of pulsed electron sources as I have done for continuous elec-
tron sources in section 1.2, mainly because these sources are developed towards different
goals. In the field of time-resolved microscopy for example, where electron creation must
be pulsed, the cathode is replaced by a photo-cathode. In this technique, the production
of electrons is done by an ultra-short laser pulse focused on a material (the cathode). This
typically produces ultra-short coherent pulses of electrons, but at the cost of a large en-
ergy spread1. This method is again not particularly adapted to the HREELM project, so
an innovative electron source must be devised.

I start this chapter with a section (5.1) devoted to time-of-flight energy measurements.
Its use in mass spectrometry is first presented to introduce the important concepts of TOF

1very recent results show that cooling a single crystal of copper ionised at threshold can give electrons
with an energy spread of 11.5 meV but this is still far from being applicable in an instrument[1]
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analysis: natural bunching, space-focusing and energy-focusing. This helps me describe
a possible implementation of time-of-flight energy measurement in the HREELM instru-
ment, in particular the consequences for the electron source, the detection scheme, and
the possible detectors. I follow in section 5.2 with the presentation of a pulsed electron
source from a pulsed-laser, based on simulations and experimental data from the group of
Prof. Dr. Schönhense. I then present, in section 5.3, some ideas and simulations about the
manipulation of electron bunches to improve their quality. Finally I introduce the concept
of Rydberg pulsed-resonance field-ionisation in section 5.4, showing experimental results
obtained in LAC.

5.1 Time-of-flight energy measurement in HREELM

5.1.1 Typical implementation of a ToF energy measurement

The principle of time-of-flight energy measurements is that electrons with different en-
ergy will, under the right conditions, arrive at different times on a time-sensitive detector.
Measuring the temporal spectrum of arriving electrons can then give access to the energy
spectrum of these electrons. A typical set-up schematic is presented on figure 5.1. For a
ToF energy measurement to be precise, the time of birth of all measured particles needs
to be lower than the time resolution of the detectors. On top of that, the precision of a
ToF measurement relies on precise tuning of the experimental conditions to make sure
that the ToF of an electron is maximally correlated with its initial energy. In this section I
present the main things to have in mind for a proper ToF-energy measurement.

5.1.2 Natural bunching

A field that extensively use time-of-fight energy measurements is the field of mass spec-
trometry (ToF-MS). Its low cost, very wide mass range and its ability to capture a com-
plete mass spectrum at each ionisation event makes its a central detection method in
modern mass spectrometry[2]. The principle of measurement is the following: the sample
to analyse is ionised (either positively or negatively) and put to the gas phase by different
techniques, depending on the sample. These charged particles are then accelerated by
electric fields to a known and precisely determined energy. Then these particles enter a
field-free region called the drift region, or drift tube, where they fly freely at the velocity
determined by their mass/charge ratio and the given electric potential energy. This drift
region ends with a time sensitive detector that records the time of arrival of the charged
particle. As the starting energy, the time of departure and the distance to fly is the same
for all charged particles, only the mass/charge ratio changes their time of arrival at the
detector. Thus by recording hits on the detector in function of time, a mass spectrum of
the sample is directly obtained.

In the context of mass-spectrometry, the interesting figure is indeed the mass of the
particles, so it is very important that the time T (z0, v0) a particle hits the detector is pri-
marily (if not entirely) determined by its mass m. In particular this means that its initial
position z0 in the accelerating field, or its initial velocity v0 should not play a role in its



5.1. Time-of-flight energy measurement in HREELM 185

FIGURE 5.1: Typical implementation of a ToF energy measurement. A bunch
of charged particles is created with a spatial extension in an accelerating zone,
then enter a field-free drift zone and have different arrival time on the detec-
tor depending on its initial energy. The grey ellipses represent the electron
bunch at different times after its emission, and feature the natural bunching

at z = zSF explained in section 5.1.2.

arrival time. Mathematically we can write these two conditions as:

ToF-MS conditions

{
∂T (z0,v0)

∂z0
= 0

∂T (z0,v0)
∂v0

= 0
(5.1)

the first condition is typically called space focusing the spectrometer, while the second
condition is called energy focusing[3]. These two conditions realised at the same time
would mean an absolute resolution for a mass spectrometer. However, these two condi-
tions cannot be completely fulfilled at the same time and depend strongly on the particu-
lar initial spread in velocity and position, as well as the design of the apparatus.

Let us consider a cloud of particles of charge q created at rest around z = zc, immersed
in an electric field of amplitude F oriented along the z axis so that the particles are at-
tracted to high z values. This electric field spans out from z = zc − Lacc to z = zc + Lacc,
as can be seen on figure 5.1. A particle created in this cloud at z = z0 = zc + δz (δz can
be positive or negative) takes a time tLacc(δz) to reach the end of the accelerating zone at
z = zc + Lacc:

tLacc(δz) =

√
(Lacc − δz)2m

qF
(5.2)

and enters a field free drift zone. I now define d = Lacc − δz. The time at which the
particle reach any position z in the drift zone is thus:

t(z) = tLacc + z/v(tLacc) =

√
m
qF

[√
2d +

z√
2d

]
(5.3)

If we differentiate this equation, we obtain:

∂t(z)
∂d

=

√
m
qF

[√
2

2
1√
d
− z

2
√

2d3/2

]
(5.4)
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Thus we obtain the position of natural space focusing with:

∂t(zs f )

∂d
= 0⇒ zs f = 2d ≈ 2Lacc (5.5)

This results means that, in an acceleration/drift-zone configuration where the size of the
ionisation zone is small against the acceleration distance, the particles created at the back
of the ionisation zone will be accelerated longer than the particles created at the front of
the ionisation zone, and will catch up always at twice the acceleration distance. This is
remarkable as this does not depend on the size of the ionisation zone or the strength of
the accelerating field, providing the zone is small against Lacc.

In mass spectrometry, it was soon understood that the best way to achieve space fo-
cusing is to add another region of acceleration before the drift region, to be able to posi-
tion the point of natural space-focusing on the detectors, in a configuration since called
Wiley-McLaren[4].

In the context of energy measurement, where all particles have the same mass and the
interesting information is contained in the initial velocity/energy spread, ToF measure-
ments need only to be space focussed, and as far as possible from velocity focusing. This
changes the optimal conditions:

ToF energy measurement conditions

{
∂T (z0,v0)

∂z0
= 0

∂T (z0,v0)
∂v0

6= 0
(5.6)

In HREELM (as in any other electron spectroscopy), we are interested only in the dif-
ference in energy of the electrons as they’re scattered by the sample. So the condition
of space focusing is best achieved by placing the sample orthogonal to the direction of
electron propagation, making the initial δz close to 0. This is sometimes referred to as the
requirement to put the sample at an isochrone surface[5]. This is fortunately the case in the
chosen design for HREELM, so in that regard the ToF energy analysis is fully compatible
with the design presented in section 1.1.3.

5.1.3 Imaging with high temporal resolution

HREELS is normally conducted with a continuous beam and requires only position sen-
sible detection, due to the magnetic deflection that is normally used to analyse the en-
ergy (see section 1.1.1). Conducting HREELS via a ToF energy analysis would be a un-
precedented experimental realisation, even if low-resolution TOF-EELS has already been
achieved in an electron microscope[6].

Combining the imagery and the spectroscopic requirements of HREELM on one de-
tector is not a trivial task: the detectors should have the high spatial resolution required
by the LEEM imagery as well as a very high temporal resolutions compatible with the
high energy resolution of HREELS. The other challenge is the high measurement rate and
the resulting large amount of data to encode and transfer. We thus must make the best
choice in the large amount of different electron detectors available nowadays.
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As already stated, in a ToF spectrometer the energy resolution can be calculated from[5]:

dE
dt

= − 2
LD

√
2

E3
d

me
(5.7)

with Ed the drift energy, LD the drift length before the detectors and dt the time-resolution
of the detector. The ambition to resolve phonon-bands in HREELM gives us a value of
dE = 5 meV. It is possible to attain this very low value with LD = 1 m, Ed = 9 eV and
dt = 150 ps. These already demanding experimental conditions mean that this value
of temporal resolution represents an upper limit. At a drift energy of 9 eV, an elastically
scattered electron would travel for 562 ns inside the drift region. An energy-loss spectrum
range of 5 eV would increase this time to 843 ns2. This means that recording a spectrum
from 0 eV to 5 eV energy loss will take 281 ns, or that the maximum measurement rate of
spectra is around 3.5 MHz (otherwise the spectra would overlap).

I have given exemplary values in section 1.1.3 for the detector temporal resolution
(150 ps), the rate of spectra acquisition 3.5 MHz, the quantity of inelastic electrons per
spectra (1× 103) and the total duration of a measurement, that correspond to a reasonable
compromise. This also depend on the acquisition set-up, because the rate of 3.5 MHz is
in the upper range of state-of-the-art time to digital converters in very-high temporal
resolution modes[7]. As the possible value of the different experimental parameters have
more degrees of freedom than constraints, in the following I propose a measurement
scheme with commercial detectors, that should be able to acquire the full amount of data
in 10 min. We will then derive the requirements for the pulsed electron source. Some
back and forth might be required to adjust the actual measurement conditions, but this
proposition should give us a working starting point.

5.1.4 Proposed detection: MCP+Timepix

This detection scheme is designed not to be the limiting factor of the measurement. This
limiting factor should be the electron source, as its properties are still subject to devel-
opment and improvement. The requirements are summed-up in table 5.1, along with
some existing solutions. There are two values for the rate of detection, one for the bin-
ning (i.e. temporal resolution) and one for the image acquisition. Indeed there exist no
perfect detector for our application, so we consider some hybrid solutions, using MCPs
as providers of precise timestamps, that can be correlated with the image given by the
other detector. This requires a good acquisition system and careful encoding of data, as
well as some timestamps from the image detector, otherwise it is impossible to correlate
the information. The requirements for the image acquisition rate comes from the fact that
the proposed measurement is at a 3.5 MHz rate, but with 100 pA it corresponds to an
average of 4 electrons for the imagery (all electrons hitting the detectors) and 0.4 for the
spectroscopy (only inelastic electrons, one tenth of scattered electrons).

Delay-line detectors are arrays of crossed-wires that give arrival time and position
of charged particles. The arrival time of the particle is deduced from an average of the
signal on different wires, and the position of the particle is deduced from the delays be-
tween the signals on different wires (acting as coordinate axis). Modern DLDs allow
very good temporal resolution with a good pixel number, but the spectra acquisition rate

2this 5 eV span gives a spectral range of 1000 with the energy resolution of 5 meV
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Pixel Binning Binning Image Ref.number resolution rate rate
``````````````̀Detector

Requirements ≥ 500 ∗ 500 ≤ 150 ps ≥ 3.5 MHz ≥ 14 Mhits/s -multi-hits

Timepix 3 256 ∗ 256 1.56 ns 85 MHz 85 MHz [8]

MCP+Phosphor 1000 ∗ 1000 ≈ 50 ps ≤ 1 MHz 1 kHz -screen+CCD whole image

DLD ≈ 700 ∗ 700 ≈ 150 ps ≤ 5 MHz No multi- [5]hits
MCP+4 Timepix 3 512 ∗ 512 ≤ 50 ps > 400 kHz > 10 kHz [9]

Timepix 4 512 ∗ 448 195 ps 2.5 GHz 2.5 GHz [8]

TABLE 5.1: Requirements for the detector in HREELM, as well as the corre-
sponding properties of different available hybrid detectors. DLD: delay-line
detector. Image rate means the rate to acquire a full 2D image. The Timepix

4 properties are indicated but this detector is still in the test phase.

envisioned in HREELM (> 3.5 MHz) is in the upper range of DLD reading times. Fur-
thermore the acquisition rate for the image of the sample is the same, but with a higher
electron count. Indeed, the elastic peak is always the most intense feature, and is usu-
ally in proportion 1:10 against the inelastic electrons. This means that the detector must
tolerate multi-hits during the time window corresponding to elastic electrons, and DLDs
don’t tolerate multi-hits.

The usual combination of MCPs+Phosphor screen+CCD camera is also not compat-
ible with the quoted rates and temporal resolution: a very good time resolution can be
retrieved from the MCPs signals, but the read-out time of the CCD camera will limit
greatly the measurement rate. Furthermore, at such high rates it is not possible to corre-
late the image given by the CCD to the temporal information given by the MCPs because
typical timestamps from CCD cameras are in the ms range.

The Timepix chip is a high-performance detector based on the Medipix chip[10]. These
consists in a slab of semi-conductor material (like silicon) positioned on a pixelated cur-
rent read-out[11]. Incoming particles create a trail of electron-hole pairs in the semicon-
ductor slab, which can be measured by the complementary metal oxide semiconductor
(CMOS)-based chip. Detectors of the Medipix/Timepix family have applications in nu-
merous fields, from biology to antique restoration and from medicine to cosmic rays
detection[10]. Medipix (the version of this detector optimised for high-count acquisi-
tion) have also already been successfully used in TEM[12] and LEEM[13,14], showing such
promising properties that the authors declared[13]:

We expect Medipix to become the standard detector for LEEM and PEEM, because of
its many advantages.

The main advantages of the Medipix/Timepix family is its very high maximum count
rate, its imagery with close to zero noise and its pixel by pixel integrated time-of-arrival
measurement (only for Timepix).
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The Timepix chips are optimised to obtain high-temporal resolutions, around 1.6 ns
for the Timepix 3 version. This value is a poorer than the best temporal resolution found
in detectors nowadays (particularly in MCPs and DLDs), but here it is for each pixel of
the chip, and this tolerates large amount of multi-hits. Indeed, each pixel of the detector
contains a pre-amplifier, a discriminator with adjustable threshold and a 14-bit counter. It
has a specific mode for ToF measurements, where each event is internally referred to an
external trigger signal. The Timepix 3 is "3-side buttable" chip, meaning that it has three
free sides, allowing the formation of a bigger sensible surface area by fitting 2 or 4 of these
chips seamlessly.

The current version of these detectors are Medipix 3 and Timepix 3, each version im-
proving the properties of the chips. The new version of the Timepix chip, the Timepix 4,
is currently in its testing phase, but as can be seen in table 5.1, this new version would
greatly improve the properties of the chip, in particular in terms of temporal resolution
(*8), size (*3.5) and readout bandwith (*22).

In the context of ToF-HREELM measurements, four Timepix 3 chips would create a
square of 512*512 pixels, perfect for the imagery. However, the ToF measurements would
require a better temporal resolution than offered by the bare Timepix 3 (1.56 ns). This
is why I propose to add a pair of MCPs in front of the four chips, paired with a high-
resolution time-to-digital-converter (TDC)3, that would give access to a possibly very
precise time of arrival. The time of arrival measured by the Timepix chips is then very
useful to correlate the precise time of arrival on the MCPs and the precise position on
the Timepix chip. The dimension of a pixel in the Timepix 3 is 55 µm ∗ 55 µm, so the
MCPs would not be detrimental to the spatial resolution (and sub-pixel spatial resolution
(≈ 10 µm) can be obtained by centroid techniques). The MCP assembly also acts as an
electron amplifier, that is essential because of the relatively low energy of the detected
electrons and the high threshold of the Timepix. This detection scheme was already used
and applied to ion-ion coincidence imaging[9], and we would extend its applications to
the simultaneous acquisition of LEEM images and HREELS spectra. We thus follow here
the impressive results presented in ref. [9] and envision a detector composed of a pair of
40 mm MCPs stacked on a quad-Timepix 3 chip. When the Timepix 4 will become avail-
able, its higher temporal resolution and bigger size would advantageously replace the
four-Timepix 3 assembly.

5.1.5 Proposition of a detection sequence

I presented the preferred detectors for ToF-HREELM, I now turn to the measurement se-
quence. A schematic can be found on figure 5.2. Every 285 ns an electron bunch of ≈ 40
electrons with a temporal and energy spread respectively≤ 5 meV and≤ 150 ps impinges
on the sample and is reflected back towards the drift region and the detector. In each spec-
tra, on average, the Timepix chips measure the precise position and approximate arrival
time of 4 particles (elastic and inelastic electrons) and the MCPs increase the detection
limit and give time resolution in the 50 ps time scale. The main point of this measure-
ment scheme is to obtain a good statistics for the imagery with elastic electrons, while
triggering the time of arrival/energy loss measurement only for the interesting electrons,
i.e. the inelastic electrons. TDCs typically need a non negligible delay to be available for

3such an acquisition system is already in place in our laboratory, giving temporal resolution around
75 ps[15]
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detection again, in the order of 5 ns[7]. Thus for very intense loss bands the dead-time of
the TDC might decrease the apparent intensity, as some electrons would not trigger the
TDC (multi-hits), but this can easily be adapted in acquisition parameters.

This utilisation of the detectors presented in section 5.1.4 gives a rate for spectral ac-
quisition of 3.5 MHz, that the Timepix architecture can easily accommodate, and given
the 0.4 average "STOP" signal per spectra received by the TDC, it stays well within the
acquisition rate of most high-performance TDC[7].

5.1.6 Requirements for the electron source

The choice of a ToF energy measurement in HREELM implies obviously a pulsed electron
source, with additional constraints on the properties of the electron source, in particular
in terms of pulse length. In this section we analyse these additional constraints, in the
hypothesis of the detection scheme proposed in section 5.1.5.

Equation 5.7 is the basis for our discussion of ToF energy analysis. It supposes that
the electron pulse duration is negligible against dt given by the detector. Given that the
proposed acquisition scheme allows temporal resolution on the order of 50 ps at best, it
is very demanding in terms of electron pulse length. In the following we keep the goal of
a temporal resolution of 150 ps, but this limitation is assumed to come from the electron
pulse length rather than from the actual detection limit.

We can verify that the electron time spread on the sample will not be affected by their
energy spread: supposing static electric field along the column of length L = 660 mm,
electron bunches created during a time window ∆ti with an energy spread of ∆E in the
electron gun will arrive at the sample (see figure 1.12) with a time spread of ∆ts ≈ ∆ti +

L/
(

2(E+∆E)
me

)
. A transport energy of 3 keV and 5 meV energy spread gives completely

negligible energy spread-induced time spreads of 20 fs4.
In terms of time spread, measuring the energy losses in HREELM via ToF-analysis

requires the creation of electron bunches not longer than 150 ps. In the end of section
5.1.3 I alluded to the acquisition rate/electron per pulse/measurement duration compro-
mise. For a measurement to be considered complete, I obtained the value of 2.6× 108

detected inelastic electrons. To trace back the electron current needed to achieve this de-
tection rate, this number has to be multiplied by ten to account for the proportion of
elastically/inelastically scattered electrons. Another tenfold multiplication is required to
account for the absorption of the electron probe by the sample.

Supposing a detection efficiency of one, this gives us a total number of 2.6× 1010 elec-
trons impinging on the sample. Producing this quantity over 10 minutes is equivalent to a
continuous current of 7 pA to acquire a full image with a high-resolution energy loss spec-
trum in each pixel. In terms of electrons per pulse, this gives us in average 4 electron per
measured spectra (0.4 inelastic ones), so around 40 electrons (a charge of 6 aC) per 150 ps
pulse, along the energy spread requirements of not more than 5 meV energy spread. This
very low charge in each pulse means that space-charge time and space expansion of the
pulse will be negligible[16].

Now that I derived the requirements for the electron source from a realistic acquisition
scheme, I turn to the different ways to realise the pulsed electron source for ToF-HREELM.

4This is expected, because otherwise it would mean that we are able to measure an energy difference of
1.7× 10−6
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FIGURE 5.2: Proposed measurement sequence of ToF-HREELM allowing
high resolution imaging and spectroscopy. "TDC": Time-to-digital converter.
We take 575 ns as the travel time for elastically scattered electrons from the
sample to the detector. On average 4 electrons attain the detectors per spectra
(see section 5.1.6). The TDC is closed at the end of each spectra for read-out
and open just after the elastic electrons to trigger only for inelastic electrons.
The resulting image contains all electrons, but the spectra contain only in-

elastically scattered electrons to save TDC time.



192 Chapter 5. Pulsed electron source

Section summary
ToF energy measurement in HREELM

In this section I have introduced the time-of-flight energy analysis in the context of
the HREELM project. An introduction to ToF energy analysis, to the concepts of
space and velocity focusing led to a description of a probable implementation of
ToF analysis in HREELM. An important point is the detection associated with ToF
analysis, because it requires spatial, temporal resolution at a high rate. I propose to
use a combination of MCPs and Timepix, that have all the required characteristics.
Based on this proposition, I propose a detailed measurement sequence for HREELM
in the pulsed mode. This helps us define the requirements for the electron source, in
terms of energy spread, current, and temporal spread: less than 5 meV, more than
7 pA and less than 150 ps, at a repetition rate of at least 3.5 MHz.

5.2 Pulsed ionisation: pulsing the laser

To create a monochromatic pulsed electron source, a simple way would be to start from
a monochromatic continuous electron source and chop the signal to create short electron
bunches. This was achieved for example by focusing an electron beam in an electro-
magnetic cavity that swept the beam at very high frequencies on a tightly closed slit[6].
This creates electron bunches of a few ps duration, but with increased energy spread (up
to 4.6 eV, for a measurement resolution of 12 eV)) due to the large non-linearities in the
cavity[6]. Other methods exist but instead of starting from a continuous electron source
in the following we study the possibilities to create electron bunches from the ionisation
of free atoms in a magneto-optical trap or in an effusive beam.

5.2.1 Pulsed-photoionisation

Fundamentally the ionisation process of an atom excited by a pulsed-laser is very similar
with a continuous beam laser. Thus we can use the nomenclature introduced in section
4.1 to describe the ionisation of atoms with pulsed-lasers. An important difference comes
from the fact that pulsed lasers have larger frequency bandwidth than continuous beam
lasers

Photo-cathodes aside (because of their large energy spread), several experiments have
already shown that it is possible to create electron bunch with very promising properties
by ionising cooled atoms with a pulsed-laser[17,18]. Electron bunch containing 1× 103

electrons per pulse, with a measured pulse duration of 25 ps were created from the pulsed
ionisation of laser cooled Rubidium atoms[16]. However these were created under high
extracting fields (8 kV/cm) and energy spread measurement showed over 50 eV of energy
spread[19]. The atoms are laser-cooled in a magneto-optical trap, then the trapping laser
are turned off for some time (around 1 µs), along with the trapping magnetic fields (for
1 ms). The cold atoms are first excited to an intermediate state by a µs- or ns-time scale
laser pulse to ensure good conversion, and then ionised by a very short laser pulse (in the
fs-ps time scale).
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Using such short laser pulses means that the corresponding frequency bandwidth will
be very large. Indeed, Gaussian transform limited pulses of duration 100 fs (FWHM) and
wavelength 760 nm have a spectral width of 8.5 nm (18.2 meV, 4.41 THz or 147 cm−1).
For pulses around 10 ps (FWHM) the corresponding Gaussian spectral width is 85 pm
(44.1 GHz, 0.182 meV or 1.47 cm−1). This has the direct consequence that such large band-
width makes impossible the excitation and ionisation of unique, specific Rydberg states
in the spaghetti region (where ionisation rates are non-negligible).

Once again, there is no reference evoking electron pulses adapted to the requirements
derived in section 5.1.6, combining very short duration (less than 150 ps) and very small
energy spread (less than 5 meV). In order to produce such an electron source, and along
the same logic as with the energy spread in section 4.1.4, we must look into the different
sources of time spread during the formation of a pulsed train of electrons.

5.2.2 Factors influencing pulse duration

When measuring the pulse length of an electron bunch created by a laser pulse5, five
different processes characterised by five different durations τi can influence the pulse
duration:

1. τL is the duration of the ionising laser pulse. When several laser pulses are used
to ionise the atom in a multi-photon process, τL is the smallest value from all laser
pulse durations[20]. It can thus easily be under 100 ps.

2. τion is the time it takes the electron to escape the ion potential, or simply the duration
of ionisation. In the case of above threshold photo-ionisation it is very short (< 1 ps),
but in the case of under-threshold tunnelling it can be very long, in the µs range. We
can use the model introduced in section 4.1.2 to estimate this time.

3. τ∆E is the time arrival difference from the source to the sample due to the energy
spread of the electron bunch. Details on this quantity can be found in section 5.1.2,
but for ∆E ≈ 5 meV it is completely negligible.

4. τSC is the pulse lengthening due to space-charge forces inside the electron bunch.
For us it will always be negligible as the electron number in each pulse is very low
(pulse charges of 6 aC)[16].

5. τmom is the time spread associated with an initial momentum (k) orientation disper-
sion of the electron bunch. Figure 5.3 illustrates what is intended by τmom.

It is the delay of arrival between electrons ejected in the +z direction and in the −z
direction, and can be estimated (as an upper limit) as the time it takes an electron
ejected in the low field direction (in the −z direction) to travel back to the ionisation
point (pictured in red on figure 5.3). It depends obviously on the intensity of the
electric field at this point (F0, assuming a relatively homogeneous electric field). In
the case of a particularly anisotropic emission with non-negligible release velocity
v0, this spread can be large enough to actually split the temporal width of all the

5assuming no time spread due to the detection like jitters in the synchronisation
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FIGURE 5.3: Schematics of the role of the dispersion of the electron initial
momentum on their arrival time dispersion a)-b) Initial momentum distribu-
tion for isotropic emission, emission on axis is represented in red c) Arrival
time distribution, showing extreme values for the electrons ejected on axis (in

red).

electrons into two well separated peaks. The separation is then given by:

τmom =
2v0me

eF0
(5.8)

where v0 =
√

2Eexc
me

=

√
2(Eλ+2Eau

√
F/Fau)

me . We thus have:

τmom =
2
√

me

eF0

√
2(Eλ + 2Eau

√
F/Fau (5.9)

Contrary to τ∆E it is non-zero even for electrons having exactly the same energy (i.e.
momentum amplitude), as it is the different orientations of the momenta that induce
the arrival delay.

I note that the condition of space-focusing (see equation 5.6), when not fulfilled, should
contribute to the final time spread. It does, but since in this case the initial position of the
electron determines its drift energy, the time spread associated with the spatial disper-
sion is included in τ∆E (because the spatial dispersion is the dominant term in the energy
spread). That is why I don’t define a specific τi for this position spread.

From these five values, the hardest to predict and usually the dominant term is τion. It
can vary over 8 or 9 orders of magnitude, depending on the tuning of the ionising laser, or
more precisely on the excess energy of the outer electron after absorption of the ionising
photon. This excess energy Eexc is usually defined relative to the field-shifted ionisation
energy EF

I (see section 4.1 for their definition). For our purpose we will consider that
electrons excited with a large positive excess energy will experience negligible ionisation
time. In reality there is a strong distinction between electrons with Eexc > |EF| that are
effectively emitted in τion � 1 ps and electrons with an excess energy 0 > Eexc & EF that
can take up to 50 ps to effectively escape the ion potential (see figure 4.6 that shows a
14 ps delay between excitation and ionisation, or experimental data in references [16, 21,
22]). However these figure are negligible against the time spread measured and analysed
in the following.

When Eexc is close to zero or negative, Rydberg states are populated, and depending
on the particular coupling of these states to the continuum, τion can be in the ns or the
µs time range. The evolution of τion from negligible values (well above the field-shifted
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threshold) to very large values (under the field-shifted threshold) is continuous, so ap-
propriate states with τion < 1 ns can be found by carefully looking into LFT Stark maps,
for example on figure 4.33.

An important point to realise is that the simulations presented above are valid in the
classical view of ionisation. Comparison with experimental data show good agreement
overall[16,18,22,23], but this model cannot account for highly quantum behaviour at the base
of velocity-induced Rydberg field-ionisation for example. The classical description is ac-
curate because of the wide bandwidth (small pulse duration) of the lasers used in these
experiments, that excite a very large number of different Stark-shifted Rydberg states,
thus creating a wave-packet that is not far from the classical electron described in these
simulations[22]. For excess energy around 0 (i.e. for states near the field-shifted ionisation
threshold) and small bandwidth lasers the situation is more complex and the method
presented in section 4.1.3 is more reliable than wave-packet analysis. Indeed the intricacy
of the Stark mixing of quantum states can result in orders of magnitude ionisation rate
change over almost no change in the ionisation energy or electric field (see figure 4.36 for
example).

On top of the time spread, we must not forget that the requirement for HREELM in
terms of energy spread (≤ 5 meV) is still present for the pulsed electron source. An im-
portant step forward for pulsed electron sources from atoms is thus the ability to deliver
these electron bunches with very low energy spread. This can be done primarily by de-
creasing the value of the electric field. In the next section we present results of such an
electron source where the extracting electric field is orders of magnitude lower than in all
previously reported pulsed electron sources.

5.2.3 Experimental set-up in Mainz

In this section I will present the experimental set-up and the experiments done in the
group of Prof. Schönhense in JGU Mainz. I personally participated in the analysis of
experimental data (for the theoretical analysis of the ionisation process and with extensive
simulations) acquired in the first version of this set-up, that are presented in reference
[24]6. During two one week-visits in Mainz, I helped in the transformation of this set-up
to perform time-dependent manipulation of the electron bunches and analysed the new
data acquired with the new version of the set-up.

The set-up, shown on figure 5.4, is composed of a standard 3D magneto-optical trap
in anti-Helmholtz configuration, a caesium dispenser, and lasers adapted to the magneto-
optical cooling and trapping of caesium atoms. Optical access to the MOT is granted for
two additional lasers, the 1470 nm laser and the Ti:Sa.

The caesium atoms are cooled down to around 150 µK and ionised via the same path-
way as in experiments presented in chapter 3 (852 nm-1470 nm-Ti:Sa). The first excitation
step is assured here by the same laser that performs the radiative cooling. The biggest
difference is that the Ti:Sa is now a fs-pulse laser. The polarisation of this laser is an im-
portant parameter and can be modified by a half-wave plate to be either parallel to the
electric field direction (z axis) or orthogonal (see figure 5.6 d)). The pulse duration of the
Ti:Sa is around 100 fs, and its FWHM bandwidth was measured to be around 24 meV.
Interferential filters can be added to reduce the bandwidth of this laser down to 4 meV,

6they were acquired before I was involved in the collaboration
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FIGURE 5.4: Schematic view of the complete set-up installed in Mainz. It
contains a 3D-MOT whose magnetic field can be shut down for 1 ms, an ion-
ising fs-pulsed Ti:Sa, a continuous 1470 nm laser beam pulsed by an acousto-
optic modulator, a magnetically shielded drift tube and time-position sensi-

tive detectors.

corresponding roughly to pulse length of 600 fs, thus still negligible against the time pre-
cision of our detector.

The cooling/ionisation zone is placed in a low electric field around 2 V/cm. The way
the chamber is designed and the potential are applied does not allow precise determina-
tion of the actual electric field, that needs to be deduced from experimental data.

The fact that very low extracting field are used has one major consequence: the elec-
trons are very sensitive to magnetic fields. This has two consequences in terms of experi-
mental design, that a magnetic shielding around the ionisation area and along the electron
path is mandatory, and that the magnetic fields used for trapping the atoms must be re-
moved before the ionisation. In another experiment, exciting lasers and magnetic fields
were shut down for 5 ms[17] to have negligible effect on the extracted electrons. In this
particular set-up, where the extracting electric field is lower, experiments have shown
that 4 ms were required for the magnetic fields to have negligible impact on low energy
electrons[24,25].

Once the electron leave the extraction region they enter a 0.8 m-long drift tube that
allows the temporal separation of electron with different energies. At the end of this drift
tube the electrons hits the detector that is composed of two MCPs stacked on a delay-
line detector (DLD). This detector has a time resolution of 200 ps. The distance between
the ionisation region and the detectors is approximately 0.8 m, the drift tube is kept at
ground, and the starting potential Ein is around 15 eV.

A sum-up of the acquisition sequence is presented on figure 5.5. The MOT is charged
for 5 ms and data is acquired for 1 ms every 9 ms. The DLD is synchronised with the
80 MHz trigger signal from the Ti:Sa, and the intensity is small enough (but still around
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FIGURE 5.5: Schematic view of the experimental sequence for the production
and ToF measurement of electron bunches. Less than one electron per Ti:Sa
laser pulse (one fs-laser shot every 12.5 ns) is detected by the DLD+MCPs
detector, and a ToF spectrum is reconstructed from many different measure-

ment cycles.

100 mW) to avoid two electrons per laser pulse because DLD don’t deal well with multi-
hits. Thus a ToF spectrum is constructed from a large number of different ionising pulses.

In these measurements, the initial electron bunch is created with an energy spread
associated with the size of the ionisation zone and the extraction field but also with the
excess energy of the ionising laser. This energy spread will induce a time spread on the
detector τ∆E. The ionisation and extraction of the electron itself will take a time τion, and
the time-signal is further enlarge by the asymmetry of the initial momentum distribution,
inducing a delay τmom between electrons ejected with their velocity oriented in the +z
direction and electrons with their initial velocity oriented along the −z direction. All
other sources of delay are negligible in the presented peaks.

5.2.4 Raw data on pulsed photo-ionisation

The ToF data acquired on the set-up in Mainz by Olena Fedchenko and Sergueï Chernov
can be seen on figure 5.6. It features data with laser pulses of ∆ω = 4 meV bandwidth7,
s- and p-polarized light, and three different central energy of the laser, corresponding to
negative mean excess energy, null, or positive mean excess energy. The electric field is
around 2 V/cm so the field-shift of the ionisation threshold is around EF = −1 meV.

The first thing to remark about the experimental data is the difference in electron in-
tensity for the different photon energy (775 nm, 777 nm, 779 nm) of the laser. Indeed the
exposition time were the same in each case (1 s), so any intensity difference comes from
the ionisation process and the collection efficiency. It is very clear from figure 5.6 that the
electron intensity is around ten times higher when the laser is tuned at-threshold, com-
pared to above-threshold or below-threshold ionisation. We also see that above-threshold
ionisation features two clearly resolved peaks with p-polarisation. The central value of
time of flight (measured relative to the trigger of the ionisation laser, see figure 5.5) is
4.9 ns, with a FWHM of 922 ps for s-polarisation threshold ionisation. The two peaks in

7Data with ω = 24 meV was also acquired and published in ref. [24], but for the sake of brevity I don’t
reproduce them here
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FIGURE 5.6: a)-c) Experimental data on pulsed ionisation of laser cooled cae-
sium atoms, showing the impact of laser polarisation and laser central tuning
(i.e. excess energy) on the time-of-arrival of created electrons, with Gaussian
fit of the data and explicit FWHM. Note the different intensity scales. These
data are acquired with ∆ω = 4 meV laser bandwidth: above-threshold ion-
isation (a), threshold ionisation (b) and below-threshold ionisation (c)). d)
Definition of the polarisation of the ionisation laser relative to the electric
field orientation. e) Schematic of the atomic potential showing the three pho-
ton energies. I did not participate in the acquisition of this data but on the

analysis and interpretation. Reproduced from [24]

above-threshold ionisation are fitted to ToFs of 3.7 ns and 5.9 ns, with FWHM of 1.25 ns
and 899 ps respectively.

For all three cases, p-polarisation measurements show more spread in arrival times
than s-polarisation measurements. This spread is stronger as the excess energy gets big-
ger.

5.2.5 Analysis of raw data

The central value of τToF3 = 4.9 ns has to be understood as modulo 12.5 ns as it synchro-
nised with the Ti:Sa but without common timestamps, so it is not the actual time-of-flight
of electrons since the ionisation. This is a pity, but a proper absolute ToF measurement
would require 200 ps timing precision over around 500 ns, which is not possible on the
Mainz set-up.

The three different laser wavelengths correspond to three different ionisation regimes:
at 775 nm the excitation leads to photo-ionisation (as described in section 4.1), at 777 nm
there is a mix between photo-ionisation and Rydberg field-ionisation, and below the
threshold at 779 nm there is mainly the slow ionisation of Rydberg states by tunnelling
and some rests of Rydberg-field ionisation.



5.2. Pulsed ionisation: pulsing the laser 199

FIGURE 5.7: GPT-simulated trajectories of electrons in three different starting
parameters: above-threshold ionisation forwards (in red) or backwards (in
blue) and just above threshold field-ionisation (in orange). The excess energy
Eexc is calculated for an electric field of 2 V/cm. The inset has axes in µm.
The simulations ends at 10 ns, showing a clear advance of the red electron,
followed by the orange and lastly the blue electron. This explains the three

different values of ToF visible on figure 5.6.
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This interpretation is fully consistent with the different intensity differences between
the three sets of data. Indeed, the intense signal at 777 nm comes from the efficient res-
onant excitation of Rydberg states around the threshold, that give orders of magnitude
higher cross-section than well-above threshold excitation. The relatively low intensity
of the peaks in the data at 779 nm comes from the tail of the laser that still excites some
rapidly ionising Rydberg states. The intensity of the background is four or five times
higher than the background at 775 nm, because the laser excites mainly slowly ionising
Rydberg states, so the electrons are not particularly synchronised with the laser pulse.

The influence of the laser polarisation on the shape of the peaks can also be well un-
derstood, and fits this interpretation: above threshold, the electrons are ejected depend-
ing on the laser electric-field orientation. This orientation is given by the expression of
the differential cross-section in photo-ionisation[26] already cited in section 4.1.1:

dσ

dΩ
=
( σ

4π

) [1 + β(3 cos2(θ)− 1)
]

2
(5.10)

In this formula θ is the angle relative to the electric field (see figure 5.7). In the literature
I did not find any measurement of the asymmetry parameter β for the photo-ionisation
from the 7s state of caesium, only a theoretical one[27]. This reference ([27]) gives two
possible values for β when Eexc is close to 0, that are around 1.85. For simplicity I thus take
the value of β = 2 in the following. The spatial shape of the emission by photo-ionisation
will be the shape of the cos2 term, leading to an "8" shape in the field direction for s-
polarisation and a "∞" shape for p-polarisation (see figure 4.3). This fits very well with
the presented data, because the photo-ionisation electrons in the case of p-polarisation
are separated in two well resolved peaks. Their ToF delay ∆τ = τToF2 − τToF1 = 2.2 ns is
attributed to τmom, i.e. the time it takes for the electrons ejected towards the back of the
experiments to be accelerated towards the front and pass its starting point. As already
presented, this delay depends only on the electric field value at the ionisation point, and
equation 5.9 gives us a good measure of this otherwise not well known electric field: with
Eλ = 4 meV, I find F0 = 1.9 V/cm. This separation into two peaks was predicted in other
photo-ionisation electron sources but this is the first time it is actually observed, thanks
to the very low extraction field that we used[16,28].

To determine the value of the field more precisely, I performed simulations in the
Simion modelling of the actual experiments, taking the cos2 shape of the initial momen-
tum distribution and the field inhomogeneity into account, and the results can be seen on
figure 5.8. They were done with Eexc = 19 meV and were compared with other data taken
with this excess energy (τToF2 − τToF1 = 5.0 ns, see [24]), and yield the same electric field
value (F0 = 1.9 V/cm) as the one obtained at Eexc = 4 meV, making us very confident on
the estimation of the electric field via this technique. On the same figure 5.8 (right panel)
we can see simulation results that show that the delay between the two peaks (∆τmom)
depends only the excess energy and the value of the extracting field, and not on the drift
length or the accelerating length (once above the first 50 mm).

As mentioned in section 5.2.2, the detected pulse length is not a direct measurement
of the time or energy spread, but rather a convolution of different temporal spread. To
ease the analysis, I draw on figure 5.9 the sum of these two terms, the time spread before
the drift (τ0, composed of τSC, τL, τion and τmom) and the time spread due to the energy
spread τ∆E. They are added in the worst case scenario, meaning that the slowest electron
is also delayed by τ0.
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FIGURE 5.8: Simulation of the difference in arrival time at the detector
(∆τmom) for two electrons created with a positive large excess energy of
Eexc = 19 meV (photoionisation) with opposite initial velocity along the ac-
celeration axis. The experimental value of ∆τ = 5.0 ns gives a starting field
of 1.9 V/cm. The influence of the extracting field on τmom is shown on the
left panel. The right panel shows τmom with various changing parameters:
drift length, accelerating length and Eexc. The drift length or the accelerat-
ing length have no influence (after 50 mm) on τmom, but the excess energy

dominates the value of τmom, as expected.

FIGURE 5.9: Map to relate the experimental measured temporal spread
(FWHM,in colors) to the electron bunch emission duration (τion) and its en-
ergy spread (∆E) for a drift length of 0.8 m at a drift energy of 15 eV. Lines
of constant time spread of 899 ps, 922 ps and 1.22 ns are represented, corre-
sponding to the observed time spread in photo-ionisation and RFI. Reason-
able energy spread of 24 meV for RFI (see text) gives an ionisation time of

650 ps.
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Data of photo-ionisation is easy to analyse: the fact that electrons emitted towards
the detectors are separated from electrons emitted backwards makes the FWHM of the
ToF peak presented in figure 5.6 a)(FWHM1 corresponds to electrons emitted forward,
and FWHM2 correspond to electrons emitted backward) a good measure of their energy
spread. Indeed, of the 5 different τi: τL, τion

8 and τSC are negligible and τmom is big
enough to actually separate the peak in two different peaks; the only term left to explain
the value of FWHM2 is thus τ∆E.There is however a surprising fact: FWHM2<FWHM1,
contrary to the intuition that electrons ejected backwards will be more spread out in time
(because of the back-and-forth movement) than electrons ejected forward. One expla-
nation could be that this movement has an temporal focusing effect, like in a reflectron,
a device used in ToF-MS to diminish the temporal spread of ions with different kinetic
energy[29]. This forms a temporal focusing point down the column, and the detected
bunch length is lower than expected, but the energy spread is the same. I did not man-
age to reproduce these precise temporal spread in the simulations however, indicating a
discrepancy between the simulated geometry and the actual geometry.

In the perspective of an electron source for HREELM, the best ionisation condition is
obviously at-threshold field-ionisation, in s-polarisation (figure 5.6 b), in orange). The
measured FWHM is 922 ps, but I tried to analyse in detail what constitutes this time
spread. From the five identified possible delays, I can safely neglect τL, τSC and τmom
(see section 4.1.2 on the forward emission in Rydberg field-ionisation). The measured
temporal spread is thus the sum of τion and τ∆E:

FWHM3 = τion + τ∆E (5.11)

As the photon pulse is large enough to populate many different Rydberg states, with
different ionisation time scales, it is difficult to estimate τion ab-initio. We can estimate the
initial energy spread to 24 meV from the electric field of 2 V/cm and the ionisation zone
of size 1 µm (20 meV), plus the excess energy from the ionising laser (4 meV). Figure 5.9
gives the sum of τion and τ∆E , which, with ∆E = 24 meV gives τion = 650 ps.

8this data correspond to photo-ionisation, with negligible τion
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Section summary
Pulsed ionisation: pulsing the laser

In this section I explored the formation of an appropriate electron source for
HREELM based on the pulsed photo-ionisation of laser-cooled atoms, first theo-
retically and then with experimental data from the experiment in Mainz. Using
ultra-short laser pulses implies large bandwidth, which implies semi-classical be-
haviour of the photo-electron and poor selection of ionised states.
The experimental data was acquired with 4 meV laser bandwidth, and the Tof anal-
ysis revealed two distinct behaviour corresponding to photo-ionisation and RFI. In
photoionisation the electrons are ejected along the polarisation axis. When these
coincide with the electric field axis, and the amplitude of the electric field is low
enough, the time-resolved electron signal feature very clearly two different peaks,
corresponding to electron ejected forward and backward. This is a confirmation
of the description of photo-ionisation given in section 4.1.1. This observation was
possible only due to the very low extracting field used in these experiments.
RFI is also studied, but as the laser bandwidth is too wide, the result is a mean of
the behaviour of all high-lying Rydberg states. The double peak in the temporal
spread is no longer present, which confirms the directional emission introduced
in section 4.1.2. The ToF analysis gives a maximum energy spread of 80 meV for
these electron bunches (for an hypothetical null τion), but a realistic energy spread
estimation gives 24 meV for τion = 650 ps.
These experiments clearly demonstrate that ionising with a fs-laser does not give
fs-electron pulse, and that the spectral width of the laser are detrimental to the time
and energy definition of the resulting electron bunches. We did not measure the
current here but it is expected to be very low, too low for applications in HREELM.

5.3 Time-dependent manipulation of electron bunches

One possible direction of improvement for these electron bunches, to reduce their tempo-
ral and/or energy spread, would be to manipulate these bunches once they are formed. In
this section I present some theoretical results on what can be done as time-dependent ma-
nipulation of electron bunches, as well as an experimental attempt to modify the Mainz
set-up to allow these time-dependent modifications.

5.3.1 Time dependent extraction

Before considering what can be done to improve the quality of the electron bunches,
we must first consider how we can create this bunch, i.e. what are the different time-
dependent ways to extract electrons from the ionisation region. Indeed, as our discussion
of energy spread in electron source in section 1.4 and equation 1.15 relied on a static
extracting field and considering that this source of energy spread is almost always the
dominant one in electron sources, it can be tempting to use time-dependent extraction
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fields. We will see what are the different possibilities of this time-dependent extraction,
and their impact on the bunches properties (energy spread, time spread).

I introduce a nomenclature to separate and clarify all the different possibilities. This
classification relies on the timing between the ionisation process and the pulsed extracting
field. There are 4 different timing possibilities that are called: pulsed extraction, delayed
extraction, interrupted extraction and static extraction. We define four moments in time:

• tIN and tOUT correspond to the moment that the first electron appears during the
ionisation process and the first moment an electron escapes the extraction zone
(where the extracting field is applied), respectively.

• t0 and t1 correspond to the moment the extracting pulse rises9 and falls, respectively.

The time sequence of these moments will determine in which case we are in, as seen on
figure 5.10. The four different cases are thus defined by:

FIGURE 5.10: Four different time sequence of time-dependent extraction,
depending on the timing of tIN , tOUT, t1 and t0. tIN is the time of the first

electron and tOUT is the time an electron exits the ionisation zone.

1. tIN < t0 and tOUT > t1 corresponds to pulsed extraction, because the pulse of electric
field rises and fall while electrons are in the ionisation zone.

2. tIN < t0 and tOUT < t1 corresponds to delayed extraction, because there is a delay
between the creation of electrons and the beginning of the extraction pulse.

3. tIN > t0 and tOUT > t1 corresponds to interrupted extraction, because electrons are
created in the extracting field but this field is turned off before electrons leave the
ionisation zone.

4. tIN > t0 and tOUT < t1 is equivalent to static extraction, already studied in chapter
3.

We detail these three kinds of time-dependent extraction in the following.

9"rise" refers to the amplitude of the field, but with electrons it will be more negative when risen
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Pulsed extraction

The main idea behind pulsed-extraction is that if the field is turned on and off before any
electron exits the ionisation zone, they will all experience the same accelerating field (dur-
ing the same amount of time), independently of their initial position and the associated
energy spread will be null. The field F1 is turn on at t = t0 and off at t = t1 while the
whole electron bunch is in the field region, as shown on figure 5.11. I call v0 the mean

FIGURE 5.11: Schematic of pulsed extraction. Electrons are created at rest
and are all given the same momentum-kick during the time window t1 − t0.
tIN is the time of the first electron and tOUT is the time an electron exits the

ionisation zone.

velocity in the z direction and ∆v0 its spread, E0 = 1
2 mev2

0 the mean kinetic energy of elec-
trons before the extracting pulse, ∆E0 its spread, and v1, ∆v1, E1, and ∆E1 the same after
the pulse. The differentiation of the kinetic energy formula gives:

∆v =
∆E
mev

(5.12)

The action of the field can be expressed by:∫ t=t1

t=t0

eFdt = (∆t)eF1 = δp (5.13)

which is equivalent to a "velocity kick" (or "momentum kick" of amplitude δp)[30]. The
consequence is that ∆v is conserved during the acceleration, and we have:

∆v1 = ∆v0 (5.14)

v1 = v0 +
(∆t)eF1

me
(5.15)

E1 =
1
2

mev2
1 = E0 + v0(∆t)eF1 +

((∆t)eF1)
2

2me
(5.16)

∆E1 = mev1∆v1 = ∆E0 + me∆v0(∆t)eF1 (5.17)

For electrons created at rest we have ∆v0 = 0, which gives ∆E1 = 0. However, any initial
energy spread ∆E0 will be amplified by the pulsed extraction. GPT-Simulations starting
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from electrons at rest with an isotropic initial kinetic energy spread of 0.01 meV accel-
erated to 10 eV during 10 ns give an extracted electron bunch with an energy spread of
1.5 eV. Pulsed extraction effectively removes the energy spread linked to initial position
spread, but exacerbates any initial small energy spread linked to atomic temperature or
excess ionisation energy. In the case of threshold ionisation of laser cooled atoms, this
pulsed extraction could still be viable, because there is virtually no initial energy spread
that can be amplified. To be effectively used however, this extraction has to be followed
by a static acceleration of the bunch, because it would be very difficult to bring electrons
at energies around 1 keV with only pulsed acceleration.

A potential useful usage of this effect could be that it gives us access to the initial
temperature of the electrons solely due to the ionisation process, by amplifying it so that
it can be measured with reasonable accuracy.

Delayed extraction

Another version of time-dependent extraction is called delayed extraction[4], where the
extracting field is turned on with a delay after the ionisation but is kept on after elec-
trons leave the zone. A schematic of this situation is shown on figure 5.12. This does not

FIGURE 5.12: Schematic of delayed extraction. Electrons are created with a
mean distance z0 from the exit of the extraction zone, over a spatial spread ∆z.
All electrons leave the extraction zone before the field is shut off. tIN is the
time of the first electron and tOUT is the time an electron exits the ionisation

zone.

suppress the position related energy spread, as all electrons are given the energy corre-
sponding to their distance to the end of the extraction zone z0. We can thus write the
relation:

E1 = E0 + z0eF1 (5.18)

This procedure is used in ToF-MS to increase the precision of the ToF measurement. The
idea is that if the ionisation process is long, the resulting bunch length can be lowered by
delaying the extraction after the end of the ionisation process. This means that electrons
with non-zero velocities will move in the ionisation zone before the extraction pulse, or
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that the ionisation volume will increase with the initial velocity of the electrons, amplify-
ing the position-induced energy spread10. Thus we won’t consider this kind of delayed
extraction as a promising tool for our electron source, because of high electron initial ve-
locities that will create large energy spread if we wait before applying the extracting field.

Interrupted extraction

Another version of time-dependent extraction for the reduction of energy spread can also
be considered: when the field is already present at the creation of electrons but is cut off
before they leave the ionisation zone. I call it "interrupted extraction". A schematic of the
sequence can be seen on the following figure:

FIGURE 5.13: Schematic of interrupted extraction. Electrons are created with
the electric field applied, and acquire all the same energy because the field is

cut off before they leave the extraction zone.

The fact that the field is cut off before tOUT effectively suppress the position-induced
energy spread, but also conserves the velocity spread. Indeed, as for pulsed extraction I
can write:

∆v1 = ∆v0 (5.19)
v1 = v0 + (t1 − tIN)eF1 (5.20)

E1 =
1
2

mev2
1 = E0 + v0(∆t)eF1 +

((∆t)eF1)
2

2me
(5.21)

∆E1 = mev1∆v1 = ∆E0 + me∆v0(∆t)eF1 (5.22)
(5.23)

The high velocity of electrons means that the field pulse must be very short (to be off
before electrons leave the ionisation zone), so this kind of acceleration can only bring

10A version of this extraction is used in zero-electron kinetic energy (ZEKE) spectroscopy to increase the
precision of measurement, because electrons with initial velocity will crash into the walls of the ionisation
chamber while electrons created with near-zero kinetic energy will still be present and extracted. This
ensures that the ionising radiation is tuned precisely at the value of the ionisation threshold of the ionised
atom/molecule[31].
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electrons to a very small value of energy. Thus a static zone of acceleration is required
after the pulsed extraction zone. The final energy spread is now totally dominated by the
initial velocity spread ∆v0 and the length (t1− tIN)/amplitude (F1) of the extracting pulse,
and the size of the ionisation zone ∆z plays no role. As an illustration of the possibilities
of this version of time-dependent extraction, I simulated the extraction and acceleration
of an electron bunch with very large initial extension (a square box of side 1 mm). The
extraction is done in a 1 mm box centred at 0 by a −1 V/cm field turned on before t = 0
and shut off at t = 5 ns. From z = 1 mm there is an acceleration zone extending to
z = 11 mm with a static field of −1000 V/cm. An initial isotropic velocity spread of
2600 m/s gives a final energy spread of 3.4 meV at an energy of 1 keV, comparable with
values obtained with pulsed extraction in this case. In a static extracting field the same
configuration would give an energy spread of ∆E = 1 mm× 1 V/cm = 100 meV.

In terms of energy spread, pulsed extraction and interrupted extraction are equiva-
lent. One advantage of interrupted extraction over pulsed extraction however is that the
ionisation is done under an electric field, which means that the very efficient ionisation
and directional emission of Rydberg field-ionisation (see section 4.1.2) can be used.

We have seen the three different ways one can use time-dependent electric fields to
extract electrons from the ionisation zone and create an electron bunch. The properties
of this bunch depend strongly on the kind of extraction used, either time-dependent or
static. Once this bunch is created and propagates, its properties can still be modified by
static or time-dependent electric fields. This is what we explore in the following sections.

5.3.2 Velocity and energy conservation when manipulating bunches

In this sub-section I insist on an interesting aspect of the behaviour of electron bunches
under static or time-dependent acceleration: the conservation of their energy spread for static
action, and the conservation of their velocity spread in the case of pulsed action. This is impor-
tant to have in mind if we want to understand how time-dependent manipulation can
improve the properties of electron bunches. As an illustration of the static case first (not

to be confused with static extraction) I consider an electron bunch with a given mean en-
ergy E0 (with the mean velocity v0), a kinetic energy spread ∆E0 (that corresponds to a
velocity spread of ∆v0) that enters (cf. top panel of figure 5.14) a spatial region of width
d1 (starting in z = z0 and finishing at z = z1) where a static electric field F1 is oriented
along its velocity.

The important point is that the bunch is formed before the acceleration zone, so that
all electrons acquire the same amount of additional energy. The total action of the electric
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FIGURE 5.14: Simulations results of GPT showing the conservations and
changes in velocity and energy spread of an electron bunch with Gaussian
energy spread during static/pulsed acceleration/deceleration. Note the lin-
ear/parabolic evolution of speed and energy in static/pulsed action, respec-
tively. Particles are created with a velocity along the +z axis and enter a
zone of static electric field (blue and green) or experience a homogeneous
pulsed electric field along z (black and red). Pulsed action conserves the ve-
locity spread, static action conserves the energy spread (once out of the act-
ing zone). Static fields’ amplitude are ±51.7 V/cm for d1 = 5 cm and pulsed

fields’ amplitudes are equal to ±80 V/cm with 1 ns rise, up and fall time.
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field is then equal to
∫ z=z1

z=z0
eF1dz = eF1d1, that is a constant energy addition, i.e. E1 =

E0 + eF1d1 and ∆E0 = ∆E1. We can then compute:

v1 =v0 ×

√
2

me

(
1 +

eF1d1

E0

)
(5.24)

∆v0 =
∆E0

mv0
=

∆E0√
2meE0

(5.25)

∆v1 =
∆E1

mv1
=

∆E0√
2m
(

1 + eF1d1
E0

) (5.26)

This means that before and after the acceleration zone, ∆E is constant, but E, v or ∆v
are not. We can thus consider that an electron bunch entering and leaving a region of
constant electric field will experience an "energy kick"[30]. In the same conditions, if the
field is pulsed during the presence of the bunch in the field region, the bunch experiences
a velocity kick instead, exactly like in pulsed extraction presented in section 5.3.1.

In order to confirm the conservation laws in the two cases (static vs pulsed field), I
performed realistic simulations of an electron bunch inside GPT[32]. I had first to write
a custom element for GPT, allowing the definition of time-dependent electric fields with
control of the rise time, pulse length and amplitude. The results of these simulations are
shown on figure 5.14. An electron bunch is started with a velocity oriented along the
+z direction at E0 ≈ 640 eV (v0 is the corresponding electron velocity) with a relatively
large energy spread of ∆E0 ≈ 25.3 eV (∆v0 is the corresponding velocity spread) and
either enters a region with an accelerating/decelerating field, or experiences a homoge-
neous pulsed electric field. These simulations clearly confirm the conservation of velocity
spread in the case of pulsed action, and the conservation of energy spread in the case of
static action (provided the electron bunch is created outside of the field region).

This is a very interesting result, because this means that in a pulsed deceleration, the
energy spread of the electron bunch is reduced. We can thus imagine a sequence of con-
stant acceleration and time-dependent deceleration, that realises the monochromation of
the electron bunches. To show how this could be used to decrease the energy spread of
an electron bunch, I performed the GPT simulation of such a process with a static acceler-
ation for 5 cm followed by a pulse deceleration with amplitude 1530 V/cm for 10 ns (with
1 ns rise and fall time) to confirm this behaviour, the results are presented on figure 5.15
and show an energy spread divided by 3.

This represent a form of lossless cooling without any radiation or evaporation (loss
of particles), very similar to adiabatic expansion cooling. The volume in phase space
is constant, but the spread in momenta is transferred to spatial spread. The factor 3 is
modest but the field amplitudes are easily accessible in laboratory and no precise timing
of the field is required11. Further investigation is required to study if this process could
be applied to decrease the energy spread of our electron bunches, but this simple way of
cooling electron bunches is interesting in itself.

The manipulations described here are based on the fact that all electrons in the bunch
experience the same field. We can go further into the manipulation of electron bunches

11A very recent publication proposes a more efficient lossless monochromation method for electron mi-
croscopes, that requires precise timing of two cavity excitations[33]
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FIGURE 5.15: Evolution of the energy (left axis, in black), the energy spread
(right axis, in red) and the associated temperature (right axis, in pink) (from
the formula T = 2e∆E

3kB
) for an electron bunch experiencing a sequence of static

acceleration (in green, F1 = −1 kV/cm for 5 cm) and pulsed deceleration
(in blue, F2 = 1530 V/cm for 10 ns with 1 ns rise time). Field amplitudes
are tuned to keep the energy constant before and after the sequence (around
640 eV). The energy spread and temperature are divided by a factor 3, but

the beam energy is not modified by the process (before and after).
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by acting differently on different portions of the bunch, to correct its properties. This is
what we explore in the following section.

5.3.3 Active bunching: velocity spread cancelling and velocity focus-
ing

In the case where the temporal spread of a pulse is completely dominated by its energy
spread (see section 5.1.2), it should be possible to decrease its pulse length by actively ac-
celerate only the slower electrons[34]. Indeed, a "real" electron bunch with a non-negligible
energy spread rapidly evolves into a cigar-like bunch, with the fastest electrons in the
front and the slowest in the back. The velocity gradient of the electron bunch is thus
linear along the bunch:

v[z] = v0 + k× (z− z0) (5.27)

with k = dv
dz the velocity gradient along the propagation axis of the bunch. This is repre-

sented on figure 5.16.
Two "active-bunching" solutions are possible: the first is to accelerate the slowest elec-

trons to the same velocity as the fastest electrons to reduce the energy spread and keep
the pulse length constant. This is achieved best by a momentum-kick with the same
spatial gradient as the velocity spread, i.e. a pulsed acceleration with an electric field
gradient k. As the initial spatial spread is linear in velocity (and not in energy), the time-
dependent field allows full compensation. Using equation 5.13, and in the hypothesis
that ∆z� v0∆t12, the shape of the electric field pulse must be taken as:

F1(z) = −
me(z− z0)k′

e∆t
(5.28)

with k′ = k. This field pulse is odd around z = z0 so that it does not change the mean ve-
locity of the beam v0. I call this the velocity spread cancelling. This is quite demanding in
terms of electrodes because a large number of them are needed to create a long, constant
field gradient.

A slight variation of this technique is to take k′ > k. Thus the slowest electrons will be
accelerated a bit more, and the fastest will be decelerated a bit more than what is required
to cancel the energy spread. This creates another point of temporal focusing down the
column, on the sample for example. I call this variant velocity focusing. The position of
the focus z f is simply given by:

z f = z0 +
v0

k′ − k
(5.29)

To summarize, the effect of the active bunching can be classified simply from the value
of the gradient of the applied field k′:

• k′ < k, this reduces the velocity spread but keeps the bunch growing afterwards.

• k′ = k, this cancels the velocity spread and freezes the bunch at its initial length.

12This is to make sure that electrons don’t travel too much during the application of the correcting pulse.
For a beam of ∆z = 1 cm at 100 eV, this gives ∆t < 150 ps to be safe
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FIGURE 5.16: Schematic of a cigar-like bunch, whose velocity’s vz spatial
spread is linear, with a gradient k along z, with a mean velocity v0 and an

extension in z of ∆z.

FIGURE 5.17: Spatial profile of the pulsed electric field (applied for ∆t) for
velocity spread cancelling (in red) and velocity focusing (in blue). k is the
velocity gradient of the electron bunch, and k′ is the pulsed electric field gra-

dient in the case of velocity focusing
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• k < k′ < 2k, this reduces the energy spread and reverses it, meaning that the elec-
trons at the back of the bunch will be slightly faster than the one at the center, and
even more than the ones at the front of the bunch. This creates a velocity focal point
at z f = z0 +

v0
k′−k so it can also reduce the temporal spread.

• k′ = 2k, this keeps the same velocity spread but reverses it, inducing a velocity
focusing at z = z0 +

v0
k .

• 2k ≤ k′, this increases the energy spread but can be used to strongly focus the bunch
in time, at z f = z0 +

v0
k′−k , and hence drastically decrease the temporal spread. It has

already been used to go from ps-range electron pulses to fs-range electron pulses
to study very fast process in ultrafast electron diffraction[35], but at the expense of a
much larger energy spread than before bunching.

A crucial aspect of this method is the quality of the initial velocity spread, i.e. the correla-
tion between the electron’s position is space and their velocity. This requires a drift length,
like in ToF measurements (for the same reason) and the longer the drift length, the lowest
the attainable corrected energy spread. In the simulations shown in figure 5.18, the initial
beam energy is 100 eV with a large energy spread of 30 eV and a large spatial spread of
∆z0 = 4 mm. It requires around 50 cm to take a cigar-like shape, sufficiently spread out
to allow strong cooling by active bunching. For simulations at lower energy, after 160 ns
of free propagation, the electron bunch is at z = 30 cm, and its distribution is sufficiently
spread out for a correct monochromation.

For us both the energy spread and the temporal spread are very important, so careful
study of the effect of bunching on both these figure of merit is needed, and only gentle
focusing are worth considering. To show the potential of this technique I simulated these
two solutions in GPT (k′ = k and k′ = 1.5k), in two cases: large and low initial energy
spread. The results of these simulations are shown on figure 5.18 and 5.19. It shows that,
in large energy spread conditions (E0 = 100 eV, ∆E0 = 30 eV), putting k′ = k divides
the electron energy spread by 32, and stops its temporal spread. If the temporal spread
is more important, but that the energy spread must not increase, the velocity-focusing
bunching (k′ = 1.5k) is also useful, and figure 5.18 shows that the temporal spread can be
divided by 17 (at the focal point), while halving the energy spread.

The simulations with a smaller energy spread of 50 meV (corresponding to the electron
bunch presented in section 5.2.4) are shown on figure 5.19. The lower drift energy relaxes
a bit the condition for the small ∆t of the electric field pulse, so I take it with 200 ps
pulse length. The results are very similar to the one at higher energy spread, because
the energy spread is divided by 36 (final energy spread of 1.4 meV) for velocity spread
cancelling, and the temporal spread is divided by 18.5 at the focal point for the velocity
focusing case, down to 7.3 ps.

This shows that with reasonable electric fields, precise timing and careful tuning of
the field gradient, it should be possible to greatly improve the properties of the pulsed
electron bunches, in terms of energy spread and/or time spread. This requires however
a dedicated drift length (and thus careful magnetic shielding because of low energy elec-
trons) for the electron bunch to have a linear velocity gradient. Some experimental results
of active bunching to reduce the energy spread have been obtained on Rubidium ions[30],
but such results on electrons are still non-existent, particularly because of their high ve-
locity. The realistic simulations I have presented confirm that this technique could very



5.3. Time-dependent manipulation of electron bunches 215

FIGURE 5.18: Results of the GPT simulations of the velocity spread can-
celling (k′ = k) and velocity focusing (k′ = 1.5k) an electron bunch of mean
kinetic energy 100 eV and energy spread of 30 eV propagate along z, and af-
ter 100 ns it has the shape presented on panel a). The correlations between
z position and vz are shown on panel b) for the bunch before (in black) and
after a linearly increasing correcting electric field pulse (with k′ = k in red,
it cancels the velocity spread, and k′ = 1.5k in blue, it halves and reverses
it). The pulse is applied at t = 100 ns on the total bunch extension for 85 ps
with a rise and fall time of 10 ps. The effect on the energy spread of the beam
is shown on panel c). It is halved for k′ = 1.5k (in blue) and divided by 32
for k′ = k (in red). The effect on the temporal spread is shown on panel d),
where the temporal spread (due to velocity spread) is stopped for k′ = k (in
red) and the temporal spread is divided by 17 for k′ = 1.5k (in blue) at the

velocity focal point.
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FIGURE 5.19: Results of the GPT simulations of the velocity spread can-
celling (k′ = k) and velocity focusing (k′ = 1.5k) for an electron bunch of
mean kinetic energy 10 eV and energy spread of 50 meV propagate along z,
and after 160 ns (propagation of 30 cm) it has the shape presented on panel
a). The correlations between z position and vz are shown on panel b) for the
bunch before (in black) and after a linearly increasing correcting electric field
pulse (with k′ = k in red, it cancels the velocity spread, and k′ = 1.5k in blue,
it halves and reverses it). The pulse is applied at t = 160 ps on the total bunch
extension for 200 ps with a rise and fall time of 10 ps. The effect on the energy
spread of the beam is shown on panel c). It is halved for k′ = 1.5k (in blue)
and divided by 35.7 for k′ = k (in red), attaining an energy spread of 1.4 meV.
The effect on the temporal spread is shown on panel d), where the temporal
spread (due to velocity spread) is stopped for k′ = k (in red) and the tempo-
ral spread is divided by 18.8 for k′ = 1.5k (in blue) at the velocity focal point,

attaining 7.3 ps.
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FIGURE 5.20: Details of the experimental set-up in Mainz: a) Picture of the
stack of electrodes enclosed in the copper housing that also holds the coils
of the 3D-MOT b) Electrodes stack alone c) Simion simulation of the new
electrode configuration, with the extraction electrodes, deflectors, drift tube

and detectors

well be used in a real pulsed electron source, to greatly improve its properties. A simpler
version of this concept, requiring only a pulsed field (and not a constant gradient) could
be used to correct chromatic aberrations in an electron microscope[34,36]. In the next sec-
tion I will present some attempts to demonstrate active bunching on the electron source
in Mainz.

5.3.4 Modification of the electrodes in the Mainz set-up

In order to experimentally test the ideas of time-dependent electron manipulation, the
experimental set-up presented in section 5.2.3 had to be modified. This was started by
Olena Fedchenko, Serguey Chernov and Daniel Comparat before I was involved in the
project, and I helped finishing the experimental work. This consisted in the insertion of
many electrodes around the ionisation zone and along the electron path. This stack of
electrodes can be seen on figure 5.20 along with a Simion modelling of the new electron
path.

This internal electrode configuration was completed by an external resistive voltage
divider to allow the production of a pulsed electric field with controllable gradient. One
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voltage pulse is applied to all electrodes and divided at each electrode by a known value
of resistance, so this allows the production of a gradient-free electric field, or with a spe-
cific gradient, all depending only on the resistances. These experiment were done with a
constant value of the resistances, creating the same voltage drop at each electrode, so that
the field is of spatially constant amplitude. The pulser provides pulsed voltage of 15 V
for 10 ns, and is synchronised with the pulsed laser at 40 MHz, corresponding to a period
of 25 ns on the DLD.

The rest of the set-up in unchanged, so we start with a 3D-MOT of caesium, excite
the atoms with two cw-laser and ionise them with a fs-TiSa, and measure the resulting
time-dependent signals after around 0.8 m of free propagation.

5.3.5 Experiments on time-dependent manipulation of electron bunches

Simulations

Experimental data was acquired with this set-up for just one week before it had to be
dismantled, and I tried to rationalise the observations, with the help of Simion simu-
lations. On figure 5.21 I show one example of experimental data, corresponding to p-
polarised photoionisation with a laser bandwidth of 24 meV and a mean excess energy
of Eλ = 16 meV. The simulations showed that in the case of s-polarisation, the orthog-
onal emission and the absence of constant extraction field implied that a large numbers
of these electrons would crash into the electrodes. Experimentally this was confirmed as
signal level for p-polarisation is orders of magnitude bigger than with s-polarisation.

A crucial point to understand the experimental data is to know the delay between the
electron creation and the electric field pulses. Indeed we are not certain that the delay be-
tween the electron creation and the electric field pulses is the same that the delay between
the voltage pulse and the laser pulse (that we control via the pulser). The propagation of
the voltage pulse through the cables to the electrodes could indeed introduce a delay. As
the field pulser was synchronised with the laser, the delay between the laser and the pulse
is not known but is always the same.

In order to retrieve this delay from the experimental data shown on figure 5.21 I per-
formed a series of simulations in this electrode geometry with ∆E = 24 meV (due to the
spectral linewidth of the fs-laser) tuned at Eλ = 16 meV (thus in photoionisation), with
a varying delay between the electrons creation and the electric field pulse. These can
be seen on figure 5.22. As the laser/pulser are pulsed at 40 MHz, the maximum delay
is 25 ns, so I performed the simulations for delays going from 0 ns to 22.5 ns, with 2.5 ns
steps. Indicated on the figure is also the time window corresponding to the common
time period (period of the laser shots, of the electric field pulses and time window of the
DLD). The simulations show first that, as there is no constant extracting field, and that
the pulsed voltage is quite low (15 V), the electrons spend a lot of time in the accelerator
section, and experience many field pulses (7-8) before they enter the ToF tube. This means
that no matter what the ionisation/pulsed-field delay is, the electrons will experience the
same mean acceleration, plus or minus one pulse. The simulations (almost) all feature
two peaks in the temporal structure, which is expected since I try to simulate p-polarised
photo-ionisation and thus, as demonstrated in section 5.2.3, the electron emission is com-
posed of two distinct electron bunches with opposite starting momentum distribution.

To illustrate the electron behaviour let’s choose a time delay of 7.5 ns. Electrons in the
first bunch (ejected forwards) arrive in one peak, 25 ns before electrons ejected backwards,
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FIGURE 5.21: Time-dependent electron signal, acquired with a laser band-
width of 24 meV and a mean excess energy of Eλ = 16 meV, with an electric-
field pulsed at 40 (MHz (as described in section 5.3.4). Two peaks are visible,

a large with 1.4 ns FWHM and a smaller one with a FWHM of 1.0 ns.

that also form a well-defined peak. To simplify the analysis I plot the time evolution of
the velocity of one electron of each group on figure 5.23.

This figure shows that electrons ejected forwards experience 7 full electric field pulses
before exiting the accelerator, and that electrons emitted backwards experience 8 full
pulses. The particular choice of pulse amplitude, pulse duration and emission kinetic
energy is, by chance, perfectly tuned so that this extra pulse cancels the initial energy dif-
ference, so that both electrons leave the accelerator with the same kinetic energy, regard-
less of the orientation of their emission. The delay between these two electron bunches
is thus constant in the rest of the set-up and the "measurement" gives two well defined
peaks with a delay of 25 ns. In other time delays, the situation is more complicated.

Comparing the time delays with the panel k of figure 5.22, it clearly shows that time
delays of 0 ns-2.5 ns and 12.5 ns-25 ns result in a temporal spread of the electrons on the
detector, and thus a substantial overlap between time windows of the DLD. This would
mean, experimentally, that no matter the central point chosen for the DLD, the back-
ground signal would be very large. On the contrary, time delays of 5 ns to 10 ns show
two clear peaks, with close to 0 background. The special case of 7.5 ns delay shows 25 ns
between the two well isolated peaks, meaning that the appropriate choice for the center
of the DLD window would make these two peaks appear as only one peak. This is easily
explained by the fact that all these time delays correspond to electron bunches created as
the electric field is on, meaning that they are well extracted from the ionisation region.
On the contrary, for all other delays the electrons propagate freely before being extracted,
which increases the temporal spread of these bunches and makes the signals overlap.

Another effect of the time delay plays a role into the observed time-dependent struc-
tures: if an electron bunch exits the accelerator while the field is changing (during a rise
or fall time), all electrons of the bunch won’t be accelerated the same way, and this will
affect the temporal distribution. This explains why the peaks in figure 5.22 (e) (delay of
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FIGURE 5.22: a)-j) Simion simulations of the arrival time of an electron bunch
created by photoionisation with p-polarisation (taking into account the emis-
sion cone) with ∆E = 24 meV tuned at Eλ = 16 meV, with various delay to
the voltage pulse, from 0 ns (a) to 22.5 ns (j). The vertical dash lines at 0 ns
and 25 ns indicate the size of the DLD window and the period of the laser
shots and the field pulses. k) Time evolution of the voltage pulse from 0 V to

15 V, with a period of 25 ns and rise/fall time of 3 ns. The binning is 1 ns.
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FIGURE 5.23: Temporal evolution of the velocity along z of photo-electrons
emitted with a time delay of 7.5 ns, one forward (in black) and one backward
(in red). This corresponds to electron emission when the field is on. The elec-
tron ejected forward experiences 7 field pulses before it exits the accelerator,
the electron ejected backward experiences exactly one pulse more, and both

leaves between pulses.

10 ns) are spread out even though they are created when the field is on. The two peaks
have a tail towards the long ToF, which is due to the fact that most of the electron bunch
is accelerated by the last electric pulse, but a small part of the bunch is not, and arrives a
bit later.

Interestingly the data at a delay of 5 ns (c) shows that one peak is fine while the other
is spread out, with its tail towards the lower ToF. This indicates, by contrast, that the first
electron bunch exits while the field is off, and that the tip of the second bunch is partially
accelerated by the falling electric field pulse. For time delays of 12.5 ns and 15 ns (5.22 f),
g)) there is only one peak, and a strong background. This happens because the bunches
exit the accelerator during the fall and rise period, so that the temporal distribution is
completely scrambled.

Comparison with experiment

As already mentioned, the first comparison between experiments and theory is in the
relative intensity of p-polarisation against s-polarisation photo-ionisation. Both in the
simulations and in the experiments, only p-polarisation yielded enough signal. As the
electrode train is placed at the start of the electron path, it allows testing time-dependent
extraction, but not active bunching. The time structure shown on figure 5.21, featuring
moderate levels of background and only one well resolved peak indicates that the ex-
perimental delay between the electric field pulse and the laser pulses is around 0 ns, or
between 17.5 ns and 22.5 ns. This is further indicated by the relatively small FWHM of
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the main peak (1.4 ns), to compare to the large temporal width of the peaks presented on
figure 5.22 for time delays of 5 ns to 15 ns.

There were no data acquired with a varied time delay, so it is hard to make sure the
determined value of the delay is correct. Furthermore the amplitude of the voltage pulse
is too small to completely extract electrons from the accelerator in one pulse, which means
that a voltage pulse can occur while the bunch is exiting the accelerator. This blurs the
temporal distribution of the bunch and makes the interpretation difficult. Providing more
voltage at this rate, with this timing precision is not trivial however. One solution could
probably have been to use a pulse picker on the laser, to reduce the frequency down to
a few kHz, so that the pulse could be higher and more spaced in time, to suppress all
overlap between bunches. Furthermore, having a real, absolute ToF measurement (and
not modulo 25 ns) would greatly facilitate the comparison with the simulations, and is not
very difficult to implement. Sadly, the experimental set-up had to be dismantled before
we managed to improve the acquisition set-up and acquire more meaningful data.
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Section summary
Time-dependent manipulation of electron bunches

This section involved the formation and manipulation of electron bunch with the
help of time-dependent voltages. Several different concepts are presented, that
could intervene in the construction of a high-performance electron source. First
the time-dependent extraction (i.e. formation of the electron bunch), that can take
three different forms:

• Pulsed extraction: the electron energy spread coming from their different ini-
tial potential is suppressed, meaning that even a large ionisation zone in z
direction won’t induce large energy spread. However, the pulsed acceleration
amplifies any initial energy spread by orders of magnitude (at low energy).

• Delayed extraction: can be used to compensate for a longer τion than the
bunch length required, but any initial electron velocity will induce large en-
ergy spread as the field is kept constant after they leave the ionisation zone.

• Interrupted extraction: the field is on during the ionisation but is off before
electron leave the ionisation zone. This suppresses the energy spread due to
∆z but as the electrons are not free to expand before the extraction (like in
the other two time-dependent extractions), the initial velocity spread has far
less influence on the final energy spread. This is the most promising time-
dependent extraction for our purposes.

I then presented the conservation relations for the static acceleration of a an already
formed bunch, that conserves the energy spread of the bunch, and the pulsed ac-
celeration that conserves the velocity spread of the bunch. I presented simulations
showing how this could be used to divide the energy spread of a bunch by three.
Then I presented another aspect of time-dependent action on electrons, that is active
bunching, to reduce the time or the energy spread of electron bunches. Strategies for
each of these cases were presented, with simulations showing that energy spread
can be divided by ≈ 30 with a constant time spread, or the energy spread could be
halved by dividing the time spread by ≈ 18. Efforts to show this experimentally
in Mainz are also presented, with detailed simulations that show the importance of
the time delay between the electron bunch and the electric field pulse.

5.4 Pulsed ionisation: pulsing the electric field

This section deals with the formation of electron bunch with the help of electric field
pulses and continuous lasers. This is different from the concepts described in section
5.3.3 because here the ionisation itself relies on a pulsed electric field. The first way to
ionise atoms with a pulsed electric field is pulsed-field ionisation.The term pulsed field-
ionisation (PFI) has a precise meaning in ZEKE spectroscopy, as a way to improve the
resolution. For us, PFI is the excitation of an atom in its Rydberg state followed by an
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FIGURE 5.24: Stark-map showing an appropriate state for Rydberg pulsed-
resonance field ionisation. It is well-isolated from other states so that a
30 V/cm pulse amplitude leads to only one resonance. Its Stark slope is
dν
dF = 7.21× 10−3 cm−1/(V/cm. Its linewidth strongly depends on the
field/wavelength so that we can study the link between the linewidth and
the observed ionisation duration. The laser is tuned out of resonant from the
7S and an oscillating field brings it in and out of resonance. The top dashed
black lines corresponds to values of Ti:Sa wavelength where we took experi-

mental data.

electric field pulse that ionises the Rydberg state. This was used to produce electron
pulses of length 250 ps in Ref. [37], where the authors excited Rydberg states of rubidium
atoms under no electric field, and pulsed a large electric field in a very short time. The
main issue of this method is that the amplitude of the electric field to pulse is large (up
to 1.4 kV/cm[37]) to ensure complete ionisation in a short time. This creates experimen-
tal difficulties and a large energy spread. In the next section I present another approach
to the ionisation of Rydberg atoms with the aid of pulsed electric field, that has the ad-
vantage of using small voltage pulses, that can easier be pulsed at a higher repetition
rate. I introduce the concept of Rydberg pulsed-resonance field-ionisation (RPRFI) with
experimental results that confirm its appeal for the production of a pulsed electron source
for HREELM, and its potential applications to the production of very low energy spread,
very short electron bunches.

5.4.1 Rydberg pulsed-resonance field-ionisation (RPRFI): an innova-
tive pulsed ionisation scheme

Pulsed-field ionisation is the ionisation of a stable Rydberg state by a pulsed electric field.
The state is excited by a pulsed or continuous laser, and the electric field pulse lowers the
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ionisation threshold for the duration of the pulse. It is widely used in laboratories in this
form to detect Rydberg atoms for example.

In this section I introduce a new ionisation scheme that I call Rydberg pulsed-resonance
field-ionisation. The idea is to have atoms in a static electric field and a continuous laser
with a very low linewidth tuned very close to a Rydberg Stark shifted-resonance, as pre-
sented on figure 5.24. The electric field is applied by two electrodes, one at high negative13

voltage and the other at ground. On the electrode at ground we apply a time-dependent
voltage that will induced a time-dependent electric field at the atoms. Under the right
circumstances (of laser detuning, Stark shift and pulsed-potential amplitude) the varying
electric field (of small amplitude against the static electric field) will bring the laser fre-
quency at resonance only during a very short time, enhancing the excitation and ionisa-
tion of the Rydberg states by several orders of magnitude, thus creating a pulsed-electron
source. This has the big advantage of having to pulse only a few volts to ionise the atoms
via the Rydberg states, so that it is a lot less demanding in terms of electronics. Further-
more, the use of a continuous wave laser allows very small spectral linewidth (as opposed
to pulsed lasers) and thus allows the selection of a specific Stark-shifted Rydberg state.

If the target state is sufficiently isolated in the Stark map, we can safely model the
situation with an open lossy two-state system interacting with a monochromatic laser of
frequency ωL featuring a time-dependent detuning ∆(t). Describing an open quantum
system can be really involved but we will simplify the theoretical treatment by using
an effective lossy Hamiltonian14. The ground state |g〉 is taken as the |7S〉 state, and we
neglect the effects of its 50 ns lifetime (because it is connected to a reservoir or lower lying
atoms via a saturated transition).

The excited state |e〉 is the Stark shifted Rydberg state. Its transition angular frequency
from the "ground" state is ω0, and its coupling to the ground state is characterised by the
rate ΓSE, to which we add a general loss term iΓLoss. The term ΓSE is calculated from d0
the dipole moment of the |g〉 ←→ |e〉 transition as:

ΓSE =
ω3

0d2
0

3πε0h̄c3 (5.30)

The time-dependency of the detuning comes from the combination of the fixed laser
wavelength, the pulsed electric field and the Stark shift of the Rydberg state. We suppose
it has a linear temporal dependency as:

∆(t) = ∆(0) + ∆a ∗ t = ∆0 + ∆a ∗ t (5.31)

In this definition the term ∆0 is the detuning’s initial (at t = 0) value, and ∆a is its tem-
poral slope. ∆a is given by the ratio of the state’s Stark slope ( dν

dF ) and the electric field
temporal variation (dF

dt ) as:

∆a =

(
dν

dF
∗ dF

dt

)
=

dν

dt
(5.32)

I use the formalism of the optical Bloch equation, because I consider both coherent and
incoherent processes, and I am interested in the dynamics of the population evolution.

13or positive
14the "right" way to treat a dynamical open-quantum system is to formulate it in terms of Lindblad

equation[38] in the Born-Markov approximation[39]
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This starts by considering the density-of-state matrix ρ̂ in the {|g〉, |e〉} basis:

ρ̂ =

(
ρgg ρge
ρeg ρee

)
(5.33)

As the intensity of our laser is moderate (the Rabi frequency Ω and the detuning ∆(t)
are small against ωL), the time-evolution of the density of state matrix can be decomposed
in two main components[39]:

dρ̂

dt
=

dρ̂

dt

∣∣∣∣
coherent

+
dρ̂

dt

∣∣∣∣
incoherent

(5.34)

This separation means conceptually that the incoherent processes are not directly influ-
enced by the laser radiation. The first term of this separation, the coherent term, is given
by the interaction of the two-level system with the laser light, whose amplitude is given
by:

E(t) = E0 cos (ωLt− φ) (5.35)

The corresponding Rabi frequency (in the rotating field approximation, which removes
rapidly oscillating terms) is:

Ω =
dE0 exp(iφ)

h̄
(5.36)

with d the reduced electric dipole of the |g〉 ←→ |e〉 transition. The interaction Hamilto-
nian Ĥ (in the dipole-electric approximation, including the loss term in the excited state
population) can thus be written:

Ĥ =
h̄
2

(
∆(t) Ω∗

Ω −∆(t)− iΓLoss

)
(5.37)

with "∗" denoting the complex conjugate. I neglect the direct coupling of the ground state
to the continuum via the laser radiation, based on the fact that the signature of such a
coupling is a Butler-Fano profile (pronounced asymmetry in the peaks[40]), that we have
not observed in all our experimental data.

The term ΓLoss will group all the possible leaks of the excited state outside of the two-
level system, including ionisation and spontaneous emission towards other states than
|g〉. This makes the Hamiltonian no longer hermitian and the population is no longer
conserved (or Ĥ† 6= Ĥ and Tr(ρ̂) ≤ 1).

The incoherent evolutions (the second term of equation 5.34) are given by the Fermi
golden rule for the spontaneous emission process[39]:

dρgg
dt = ρeeΓSE

dρeg
dt = −ρeg

ΓSE
2

dρge
dt = −ρge

ΓSE
2

dρee
dt = −ρeeΓSE

∣∣∣∣∣∣∣∣∣∣
incoh.

(5.38)
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It is completed by the coherent evolution15 to give:
dρgg

dt = i
2 Ω∗

(
ρge − ρeg

)
+ ρeeΓSE

dρeg
dt = i

2

(
ρeeΩ∗ − ρggΩ

)
+ i∆(t)ρeg −

ρegΓLoss
2 − ΓSE

2
dρge
dt = i

2

(
ρggΩ− ρeeΩ∗

)
− i∆(t)ρge −

ρgeΓLoss
2 − ΓSE

2
dρee
dt = i

2 Ω
(
ρeg − ρge

)
− ρeeΓLoss + ΓSE

(5.41)

In total there are five independent parameters in our model: Ω, ΓSE, ΓLoss, ∆0 and ∆a. As
we will compare the calculations with experimental data, we plug in the specific corre-
sponding values of ∆0 and ΓLoss (see 5.24) that are reported in table 5.2.

λ (nm) 794.141 794.143 794.145 794.147 794.149
ΓLoss (109s−1) 0.601 1.644 2.728 3.767 4.447

∆0 (GHz) 10 11.949 13.569 14.982 16.229

TABLE 5.2: Values of the parameters in the experiments, obtained from the
LFT-Stark map shown on figure 5.24

The value for ∆0 (λ = 794.141 nm) is arbitrary as it is just a delay, so I choose 10 GHz,
and the rest are derived in relation to this value. ∆a is an experimentally tunable param-
eter. There is still the value of Ω and ΓSE to be determined. From there we recall that ΓSE
represents the spontaneous emission rate from a Rydberg state towards a low-n state, that
is negligible against black-body-induced transitions towards other states[41] or ionisation
rate in our case. I then numerically solved these equations in Mathematica with different
values of Ω.

Equation 4.13 gives a way to estimate the value for Ω in our case, that I find equal to
Ω = 8.9 · 107rad.s−116

With this value of the Rabi frequency I plot on figure 5.25 the evolution of the different
populations described in the model for different value of ∆a.

We can see clearly that the parameter ∆a has, as expected, a strong influence both on
the final electron population (i.e. the ionisation efficiency) and on the ionisation dynam-
ics. With the given experimental parameters, the model predicts an ionisation efficiency

15from the definition of the density matrix and the time-dependent Schrödinger equation for wave-
functions:

ρij = |Ψi〉〈Ψj| (5.39)

ih̄
d|Ψi〉

dt
= Ĥ|Ψi〉 (5.40)

16

Ω =
µFLaser

h̄
(5.42)

with:

FLaser =

√
4PLaser

ε0cπw2
Laser

(5.43)

and PLaser = 1 W, wLaser = 30 µm. For F = 2170 V/cm the ionised Rydberg states have n = 20, ARC
gives µF=0

7S→20P = 0.031 e a0, and LFT-Stark maps give for this state a field-free/2170 V/cm intensity ratio of
rn=20(2170 V/cm) = 4.88%).
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FIGURE 5.25: a) Population of electrons over time (in black) and in the Ryd-
berg state (in red) given by eqs. 5.41 for the experimental conditions indicated
on the panel. b) Influence of the parameter ∆a (temporal slope of the detun-
ing) on the time evolution of the electron population. It has a clear influence
both on the final electron population (ionisation efficiency) and on the dy-
namics of ionisation. Differents values for ∆a are given as multiple of ∆aexp,

which is −1.36 GHz/ns.

of 3.5%. From these curves we can obtain the value of τion by deriving against time and
taking the FWHM of the obtained peak. For the plot shown on figure 5.25 a) I obtain
τion = 2.44 ns.

5.4.2 Adaptation of our set-up to pulse ionisation

Experiments on RPRFI were performed in LAC, on the experimental set-up presented in
section 3.1. The detection part had to be adapted to be able to measure precise timing
on the electrons, as well as the voltage supply of electrode 1 (V1). In order to test this
innovative ionisation scheme in the electric field range we are familiar with, I kept the
electric field around −2170 V/cm, so V5 = −870 V and V1 = 0 V, and connected V1 to a
pulse generator. The measured voltage pulses can be seen on figure 5.26. The cable used
to connect the pulse generator to V1 was a very short, non-shielded cable to minimize
its capacitance, to minimize pulse lengthening due to propagation in the cable. The fact
that electrodes 0 and 1 are separated by 0.4 cm means that pulsing 6 V on electrode 1 in-
duces an electric field pulse of amplitude 15 V/cm, for example. The potentials applied to
electrode V5 and V1 produces a potential around −435 V where the electrons are created.
They are thus accelerated to 435 eV at the end of electrode 4 (that is kept at 0 V) and fly to
the detector through the spectrometer, for a distance of approximately 55 cm.

A very important aspect of theses experiments is the duration of the produced elec-
tron bunches. The acquisition thus needs to be adapted to measure this time spread.
To this end we added a complete coincidence acquisition set-up. The electrons are de-
tected by the usual detectors (MCPs), and the signal is amplified and digitised by a con-
stant threshold discriminator. It is then transferred directly to a time-to-digital converter
(TDC), that also records trigger pulses from the pulser providing the potential to elec-
trode 1. A schematic of these measurements is presented on figure 5.27. As the TDC
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FIGURE 5.26: Voltage pulses from the burst pulser recorded by an oscillo-
scope. The slope measured here is 5 times smaller than the slope obtained

from the analysis of experimental data.

triggers only on NIM signals the main pulses are transformed into NIM signals for every
rising front. The TDC is "opened" independently for 50 µs during which it registers (with
a binning time of 120 ps) the two kind of "stops" signals: pulses from the main pulser and
electron hits from the MCPs. It sends it to a dedicated acquisition software. The acqui-
sition software then stores the delay between each electron hits and the previous closest
main pulse signal. This reconstructs a time-of-flight spectra from a lot of different and
uncorrelated events.

5.4.3 Experimental demonstration of a short pulsed electron source

I conducted a study of the influence of a state linewidth on the observed bunch duration,
to test the model presented in 5.4.1. We have taken data on the state presented on figure
5.24 under the same conditions except for the tuning of the Ti:Sa, that was changed from
794.141 000 nm to 794.149 000 nm by 0.002 nm steps (as indicated with dashed black lines
on figure 5.24).

For all cases the spectra looked very similar (two examples are shown on figure 5.28)
in terms of global structure. Electrons are created at each pulse, on the rising front as well
as on the falling front. Indeed the electron signal shows doublet structures one of which is
shown in more details in figure 5.29. Clearly the first peak of each doublet is more intense
than the second while the separation between these two peaks corresponds to the voltage
pulse length (i.e. the duration that the voltage pulse stays at its high level) chosen on the
burst pulser. The reason for this intensity ratio remains unclear, but it could be explained
by the fact that on the lower field region this state appears more intense than on higher
field (see the Stark map on figure 5.24). This could induce a small population of Rydberg
states while the field is low, that are then ionised by the pulse.
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FIGURE 5.27: Schematic of the acquisition set-up for pulsed ionisation ex-
periments, designed to acquire ToF spectra from MCPs signals. It builds up
on figure 3.8. The main pulser constitutes the main clock, providing long
pulses (5 µs) separated by 1.8 µs. Theses pulses trigger burst pulses from an-
other pulser, of width 50 ns, rising times of 10 ns and amplitude 5 V that are
directly linked to electrode 1. This separation allows easy variation of the ra-
tio between TDC openings and electron signal, to optimise data acquisition

and study amplitude variations over time.
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Both spectra shown on figure 5.28 a) and b) show different levels of background
electron emission, that is higher in the case of the laser tuned at 794.149 nm compared
to the laser tuned at 794.141 nm. This is simply because as the pulsed potential is at
its high level, the coupling with the Rydberg states is non-negligible, and some excita-
tion/ionisation occurs. This background is a lot lower when the pulsed potential is at its
low level.

In each spectrum I zoomed on the most intense peak (corresponding to a rising pulse)
and extract its Gaussian FWHM17. The Stark map of figure 5.24 allows me to link the laser
wavelength to the electric field and to the state linewidth. The ToF of the fitted (most
intense) pulse at each wavelength are also shown on figure 5.28. They present a very
clear time delay depending on the wavelength of the laser. As all the other experimental
conditions are kept the same (pulsed voltage levels, pulsed delays...), and given the very
good linearity with the wavelength (see inset in figure 5.28), I can safely consider that
this time delay comes from the slightly different resonant electric field that is attained at
different times, thus introducing a time delay for the electrons.

Using the link between electric-field and wavelength given by the Stark map, i.e.
the Stark slope of the state dν

dF = 7.21× 10−3 cm−1/(V/cm), I extract the experimen-
tal electric field temporal variation to be around dF

dt = 6.30 (V/cm)/ns. I note that
this value of the experimental electric field temporal variation is quite different from
the value I obtained by measuring the voltage pulses on an oscilloscope. The wave-
form of the voltage pulse directly from the pulser can be seen on figure 5.26, showing
dV
dt = 0.487 V/ns. Taking into account the fact that this potential is applied between

0.4 cm, this gives dF
dt = 1.22 (V/cm)/ns. The factor 5 is probably due to a too small band-

width of the oscilloscope that limits its accuracy in high frequencies.
The experimental value is plugged in the model of section 5.4.1, allowing a compar-

ison with experimental results on figure 5.28 d). This comparison shows two surprising
behaviours:

• The experimental pulse width are very similar for the five values of ΓLoss, with less
than 20% variation of τion with 152% variation of ΓLoss. On the contrary, the model
shows a high sensitivity of τion to the value of ΓLoss, as τion varies by 70%.

• The experiment shows a minimum for τion at ΓLoss = 2.728× 109 s−1, which contra-
dicts the monotonic relation of τion and ΓLoss given by the model.

A surprising (in a good way) thing is that all the measured temporal spread are a lot
smaller than predicted, by a maximum ratio of 2.6 for ΓLoss = 4.447× 109 s−1. This mea-
surements very probably overestimates the actual value of τion (for various reasons de-
tailed in section 5.4.4), so the ratio is very probably even higher than that. As we have ver-
ified in chapter 3 that the LFT Stark maps give very good predictions of the states’ Γ and
the Stark slopes, and as the field temporal variation is extracted from experimental data,
we are confident about the values of the parameters fed to the model18. Furthermore, dif-
ferent parameters would not change the monotonic relations between the parameters and

17The experimental peaks are not perfectly described by a Gaussian peak, but as the detected shape is the
convolution of several independent processes with different shapes (atomic rays are usually Lorentzian,
the Doppler broadening is Gaussian, and the propagation blurs these shapes), it is a simple choice, that
gives larger time spread than Lorentzian peaks

18Even thought we did not perform scans on this state to verify Γ in this case
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FIGURE 5.28: Complete ToF spectra reconstructed from several acquisitions
with λTi:Sa = 794.141 nm (a) and λTi:Sa = 794.149 nm (b). The most intense
peak is shown in gray, whose shape and position in fitted by Gaussian peak
functions in c). c) Shape, positions of the most intense peak in scans taken
at 5 different laser wavelength. The data at 794.141 nm is taken as intensity
reference and all other data are normalised to it. The ToF feature a very clear
time delay, depending on the wavelength. This gives us access to experi-
mental electric field variation, fitted to 6.30 (V/cm)/ns in the inset of panel
c). The FWHM of each peak is indicated. d) Time-dependent electron signal
coming from the model presented in section 5.4.1, showing bigger FWHM as

λ increases, i.e. as ΓLoss increases (see table 5.2).
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FIGURE 5.29: Zoom on two experimental peaks, showing the doublet struc-
ture, imposed by the fact that electrons are created at rising and falling reso-
nant field. The intensity is strongest in the first, as in all the doublets in our

experimental spectra.

τion (a different value of Ω for example would simply change the population amplitude
but not the dynamics).

This is why we can attribute these discrepancies to the two-level model that I pre-
sented in section 5.4.1. Modifying it by including the excitation dynamics of the 7S state
would probably improve its predictions. The Coulombic interaction between the escap-
ing electron and the ion can also play a dominant role in the extraction dynamics, as
explained in section 4.1.2, but this can not fully explain the discrepancy observed here
because this interaction would increase τion instead of decreasing it (we observe shorter
pulses than expected). Another possible source of errors comes from that fact that the
electric field changes rapidly, while LFT-Stark maps (and the values of Γ that we extract
from them) assume static fields. Even if the AC-part of the field is less than 1% of the DC-
field, the coupling to the continuum could very well be different than in the static case
(i.e. in the LFT-Stark maps). Introducing dynamic Stark effect in the LFT theory could
be another approach to improve the model, but is really beyond the course of this work.
Reflecting on the conclusions of chapter 2, the LFT method could be advantageously re-
placed by numerically solving the time-dependent Schrödinger equation to obtain more
correct energies and ionisation rates of these states).

Not having a trustworthy model to predict the value of τion complicates the optimi-
sation of experimental parameters to improve the properties of the produced electron
beam. The reported measurements seem to indicate an optimal value (to decrease τion) of
ΓLoss at 2.728× 109 s−1. Further experiments are needed, with other states and other ex-
perimental parameters (Stark slope, electric field temporal variation, DC-electric field...)
to confirm that it is effectively optimal, and how the other parameters could modify the
optimal value for ΓLoss.



234 Chapter 5. Pulsed electron source

Sadly (again) the experiments had to be shut down and deconstructed as the LAC was
moving to another building.

Nevertheless, this technique (RPRFI) allows the formation of ns time scale electron
bunches at high repetition rate (>10 MHz) from individual Rydberg states, with a contin-
uous wave ionising laser. A very useful aspect of replacing the pulsed laser by a pulsed
electric field is that the repetition rate of the ionisation and the delay between pulses
can be adjusted freely by adjusting the delays in voltage pulses, that is much easier than
adjusting repetition rates in an optical system. Using a continuous laser also gives the
great advantage of being able to selectively ionise one particular Rydberg state. Com-
bining this to LFT-Stark maps, it gives not only a way to produce electron bunches for a
pulsed electron source, but also to study in details the dynamics of ionisation of a strongly
shifted-Rydberg state under an AC-Stark effect.

5.4.4 Improving the experimental set-up

Limitations to the time resolution

I must insist on the fact that these experiments were done as proof-of-concept experi-
ments, on the set-up presented in section 3.1, i.e. on a non-optimal set-up for these exper-
iments. The distance from the ionisation to the detector is quite long (estimated to 55 cm)
and the energy spread is large (around 6 eV for the presented results, but it could be low-
ered with a smaller electric field), so that the measured time spread ∆t is a convolution
of τion and τ∆E, where τion is the intrinsic duration of the ionisation process and τ∆E is the
temporal spread due to the energy spread.

To evaluate the impact of this energy spread to the measured time spread, I performed
simulations in Simion, comparing the arrival time spread ∆t for electrons bunches with
the same ∆E but with different τion: electrons of the first bunch are all started at the exact
same time (τion = 0 ns), electrons in the second bunch are started within a 0.75 ns time
window (τion = 0.75 ns) and a third bunch has a time spread of 1 ns. The results can be
seen on figure 5.30. It clearly shows than even with an infinitely small time delay at start
(in green), we could not have measured a bunch time under 0.41 ns. With τion = 0.75 ns
(in orange), the energy spread increases the time spread by 0.09 ns. For the third bunch
with τion = 1 ns, the energy-spread-induced time-spread is negligible (at our value of the
flight energy). In the presented results this probably has a negligible effect because the
presented peaks are all longer than 1 ns. If we manage to decrease this time-spread, the
energy spread could very well become a problem. An obvious direction of improvement
is thus to lower the electric field, to decrease the energy spread and remove this temporal
broadening.

The measured values of τion are probably overestimated due to the effects of jitter
between the main pulses (that serves as clocks) and the ionising pulses (coming from
the burst pulser), that would need to be measured. Broadening of the time-dependent
signal can also come from the acquisition system. Indeed the transformation of raw MCPs
signal to NIM pulses requires the action of a discriminator, that triggers a numerical signal
when the analogue signal crosses a certain threshold. In the acquisition set-up used for
these measurements a simple threshold discriminator was used, which can induce non-
negligible broadening of the arrival time deduced from the signal of the MCPs. Indeed
the MCPs raw signal can have a range of different amplitudes, meaning that the signal
will cross a certain threshold at a time that depends on the signal timing but also on
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FIGURE 5.30: Simion simulations showing the impact of initial energy
spread (∆E ≈ 6 eV) on the resulting time spread. The same energy spread is
given to electron bunch with different τion, and I plot the resulting ∆t on the
detector after a 55 cm propagation at 435 eV. τion = 0 ns gives ∆t = 0.41 ns, a
0.75 ns bunch is spread out to 0.84 ns and a 1 ns bunch has no additional time

spread due to the energy spread.

its amplitude. A perfectly timed signal with double the amplitude will cross a certain
threshold at a different time, thus introducing jitter. A more robust constant fraction
discriminator should be enough to limit this jitter to negligible values.

Overall the main drawback of RPRFI is that the total resonant interaction time is very
short so the ionisation efficiency is low and it is hard to get enough current. A poten-
tially interesting twist on this method would be to introduce the pulsed behaviour to the
ionisation part. Indeed here the electric field oscillations bring the continuous beam into
resonance with an ionising state, creating a pulsed ionisation. But the oscillating electric
field can also drive a continuously excited Rydberg stable state to an ionising field condi-
tion (something close to standard PFI), using the kind of states presented in figure 4.33.
This would require a detailed control of the state evolution in the field (including during
crossings with other states, which involve a description in terms of diabatic/adiabatic
evolution), that would be inspired by the developments in highly-selective field ionisa-
tion Rydberg spectroscopy[42–46]. This would hopefully increase the population transfer
to the Rydberg state and increase the electron flux.

Adding radio-frequency to the mix

Another very promising development pathway to improve the RPRFI ionisation scheme
is the addition of radio-frequency (RF) radiations. The main interest of using RF radi-
ations with Rydberg is their huge excitation cross-sections, so a very low power is re-
quired to fully saturate Rydberg-Rydberg transitions. The ionisation of an atom with
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FIGURE 5.31: Illustration of the two proposed ionisation scheme for RPRFI
with the addition of RF radiations (3 GHz). It takes advantage of large states
lifetime change in small energy range (three orders of magnitude between
in the lifetimes τa and τb in less than 1 cm−1) and of the very-high transition
dipoles between Rydberg states. Low electric field and high cross section
should provide low energy spread and high current. The first scheme (in
green) uses a static field to saturate the slowly ionising Rydberg state and a
pulsed RF radiation to bring it to ionisation. The second scheme (in red) uses
a constant RF radiation to couple the stable state to the rapidly ionising one

and a pulsed electric field to pulse the excitation of the stable state.

these radiations can be either thought of as a microwave multi-photon ionisation, or as
field-ionisation due to a time-dependent electric field.

RF waves can be incorporated in two different ways to the pulsed excitation/ionisation
process. A summary sketch of these ionisation pathways can be found on figure 5.31, us-
ing a typical 3 GHz radiation:

1. in a static electric field with a continuous beam laser coupling a low-lying state (like
the 7S state) to a stable Rydberg state. The laser is tuned to an intense transition
and saturates it. The RF waves couples this stable state to a particular unstable
state, that ionise due to Rydberg field-induced ionisation. This radiation is pulsed,
creating electron bunches whose length can be varied by choosing another state
with different ionisation rate. The fact that the pulsed RF radiation is coupling two
Rydberg states (that have high transition dipolar moments) should allow a very
good transfer of population and acceptable current.

2. in a time-dependent electric field with a continuous laser and continuous RF radi-
ation. The laser is tuned exactly as in the previous case, but this time the pulsed
behaviour is imposed by the electric field. It is very similar to RPRFI but instead of
a pulsed-resonance of a rapidly ionising state it relies on the pulsed-resonant excita-
tion of a stable state that is continuously driven towards an unstable stae by DC-RF
radiation. This could enable a more efficient excitation by allowing the excitation of
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an intense state, regardless of its ionisation rate (and thus give a little more freedom
in the choice of the state).

Using the states presented on figure 5.31, we should be able to achieve a pulsed (<1 ns),
low energy spread (∆E < 10 meV from F < 10 V/cm and ∆z < 10 µm) electron source
with high-enough current to achieve ToF electron spectroscopy. We are currently setting-
up RF irradiation in our experimental set-up to test these ideas and show how much of a
current increase they allow.

Section summary
Pulsed ionisation: pulsing the electric field

In this section I presented concepts and preliminary results to construct a pulsed
electron source from the ionisation of Rydberg atoms in an innovative way. I
coined this ionisation process Rydberg pulsed-resonance field-ionisation, because
the pulsed behaviour is introduced by the Rydberg resonance via an oscillating
electric field, and the ionisation is due to the state’s intrinsic coupling to the con-
tinuum. The set-up that we used was not optimal but we nevertheless proved the
production of electron bunches in the ns range, probably below 1 ns, with an en-
ergy spread around 6 eV (because of the high extracting field of 2170 V/cm). On
the three requirements for the electron source HREELM (≤ 5 meV energy spread,
a temporal spread ∆t ≤ 150 ps and a current I ≥ 10 pA), this technique provides
almost an adequate pulse length. Decreasing the energy spread will require a lower
electric-field (less than 10 V/cm), that will allow even faster field sweeps (pulsing a
few tens of millivolts instead of several volts), thus potentially improving also the
time spread. Introducing RF-fields to increase the ionisation efficiency is another
very promising improvement path to establish this new kind of pulsed electron
source as usable in future experiments and ultimately in the HREELM project.

5.5 Conclusion on pulsed electron sources

In this chapter I have presented our experimental efforts to produce and study a monochro-
matic pulsed electron source. This pulsed source will be essential to the ToF version of
the energy analysis in HREELM. It adds a new requirement in the specifications of our
electron source, that requires a new approach to the ionisation of atoms. The first step
to construct an adapted pulsed electron source is to establish the requirements for the
electron source from the ambition of the HREELM project. Indeed, the target energy res-
olution of 5 meV measured by a ToF implies that the electron pulses are at least shorter
than the time spread induced by a 5 meV difference. To make the link between the spec-
tral resolution and the required pulse length, other parameters had to be considered. In
particular I spent some time explaining how usual ToF experiments are conducted, and
how we could conduct this kind of energy analysis in HREELM while keeping the ability
to image the surface at high resolution.

I proposed a detailed ToF measurement sequence based on existing detectors (MCPs
combined with TimePix3 chips) and acquisition tools. The details of the measurement
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sequence showed that a total current of 10 pA, composed of bunches of at least 6 aC at a
rate of 3.5 MHz is enough to fulfil the goals of HREELM. This proposition is based on an
electron temporal spread of 150 ps. This gives a new dimension to this work, because no
electron source to this day provides this kind of electron bunches while also fulfilling the
requirements in term of energy spread and current. Analogously with the energy spread
sources at the end of chapter 1, I introduce five terms that play an independent role in the
final time spread of an electron bunch: τL, τion, τ∆E, τSC and τmom. The rest of the chapter
deals with experimental ways to minimise these terms.

The first exploration towards this kind of source consisted in the study of an electron
source from the fs-photoionisation of cold caesium atoms. This showed the importance
of the polarisation of the ionising laser in photoionisation in the emission directionality,
but also that a fs laser pulse does not produce fs electron pulses, but rather ns pulses.
In particular, when ionising Rydberg states, the very poor spectral resolution given by
a fs laser beam does not allow the selection of particular Rydberg states and gives a ns
electron pulse.

I then explored one way to obtain these very good properties in electron bunches:
time-dependent manipulation. The pulsed aspect of the electron pulse indeed gives new
opportunities to decrease the energy spread of the created electrons, from time-dependent
extraction to manipulations during the propagation of the electron bunch. I showed, with
the help of many simulations, how these techniques could be implemented in our electron
source either to decrease the energy spread or the time spread, or both. In particular,
interrupted extraction removes the starting potential difference and could be very useful
in our source. These kind of manipulations are still uncommon for electrons as they are
too fast, making experiments particularly delicate, something that we also verified.

Finally I introduced Rydberg pulsed-resonance field-ionisation, a technique that has
the advantage of ionising a single, highly-shifted Rydberg state. I studied the impact
of the state’s linewidth (as given by the LFT method) on the resulting ionisation time
and found that it was small, and it even contradicts the conclusion of the lossy, time-
dependent-detuning two-level model that I presented. The reason for this discrepancy
is still unclear, and more theoretical and experimental work is needed to optimize the
length of the created pulse, that is already around 1 ns.

Future work will involve further development of this technique, by decreasing the
electric field and measuring more precisely the temporal spread while changing parame-
ters. Increasing the current obtained by this method will probably require the addition of
RF fields, a possibility that we are currently exploring.
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Chapter 6

Conclusion, on-going work and
perspectives

This thesis covers a wide range of different concepts, techniques and experimental set-
up. Each of the 5 chapters are dedicated to one aspect of the work done during these 3
years. Even if this constructs a coherent ensemble, they are self-contained, and largely
independent. At the end of each section, and at the end of each chapter, the important
results, the limits and the perspectives are given. This is why, to avoid redundancy in this
already long document, I won’t repeat these elements here but simply give an overview
of what has been presented.

The first chapter introduced the HREELM project as a new kind of instrument for the
surface science community. I showed how it relies on a particular, high-performance elec-
tron source that still does not exist, but that could be constructed from the improvement
of existing sources based on the photo-ionisation of free atoms for example by using Ry-
dberg atoms. This demands a way to predict the position and ionisation rates of strongly
Stark-shifted Rydberg states. Such a theory (the local-frame transformation theory) is pre-
sented in some details in chapter 2, together with some details about Rydberg states. This
theory is experimentally tested in caesium in chapter 3, with good agreement overall. It is
then used to explore two different realisations of the Rydberg-based electron source, the
continuous electron source in chapter 4 and the pulsed electron source in chapter 5.

In this last chapter, I will present the on-going work at Laboratoire Aimé Cotton. This
work revolves around the design and build up of a novel experimental set-up, from
scratch, that I conducted during this last year. I thus start with the description of this
set-up as I intended it. It should allow us to perform a series of new studies, that I detail
next. Finally I give the status of the construction of this new set-up.

6.1 A new set-up for new electron source studies

6.1.1 Improved electrodes for an improved control of the field lines

Building on the conclusion of section 4.3.4, 4.3.5 and the electrode configuration proposed
in section 4.4.1, I drew a new set of electrodes that allow 4-degrees-of-freedom control of
the electric field lines. It should allow, for example, to realise close-to-flat electric field
lines in aperture electrodes. This set of electrodes follows the recommendation of section
4.4.1 to increase the inner bore of the central aperture electrodes, to give new degrees of
freedom to determine the field lines at the center. A great deal of attention was drawn
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FIGURE 6.1: Planar-cut of the cylindrically symmetric electrodes in Simion.
The field and potential lines correspond to the flat line configuration of figure
4.31 There are 8 electrodes, 1 and 2 are 0.5 mm thick and all the others are
1 mm thick. Both ends of the optical axis are open, to allow the extraction of

the electrons and the ions.

to the mechanical structure of the electron gun, particularly concerning the concentricity
and coplanarity of electrodes. Figure 6.1 shows a planar-cut of this new electro design.

Figure 6.2 shows an écorché 3D-drawing of the electrode mounting. To have the best
concentricity and coplanarity of electrodes we1 decided to use circular electrodes, all fixed
on a single holding piece. Provided the holding piece is at numerical machining precision,
and that the circular electrodes (which are very simple shapes) are correctly centred on
this piece, then the concentricity and coplanarity of electrodes should be close to optimal.

The holding piece must obviously be made of an insulating, machinable and mechan-
ically sturdy material. We considered both ceramics like Macor or high-quality plastics
like PEEK, but chose the latter because of the difficulty to machine fine structures in ce-
ramics. Indeed, with ceramics these small features can easily break and, as the piece
should hold all the electrodes, it is not easily replaceable. The mechanical realisation was
done at the mechanic’s workshop of Institut des Sciences Moléculaires d’Orsay2, on a 5-axis
numerical machine, providing very high precision on the surfaces, angles and distances
in the holding piece.

To effectively center the electrodes, the holding piece is in a amphitheatre-like shape,
with a series of concentric, increasingly bigger openings. A total of 13 steps go from a
smallest diameter of 26 mm to the largest diameter of 68 mm, holding 8 electrodes. Addi-
tional steps are inserted between electrode-resting steps, to increase the isolator distance
between electrodes to decrease the risk of electric breakdown.

The eight electrodes, consisting in flat stainless-steal disks with increasing diameter
(from 26 mm to 68 mm with 6 mm steps) were glued on the holding piece with ThorSeal,
and connected electrically through a metal sheet welded to the disk. The welded sheet is
folded downwards (relatively to the concentric axis) and fixed on a PEEK ring where it is
connected to an isolated cable that goes out of the contraption.

1with the great help of Bruno Vivan from our design office, who provided all the 3D-drawings presented
in this chapter

2as the LAC was moving to another building during the conception of this new experiment
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FIGURE 6.2: 3-D écorché of the piece that holds the electrodes in the new ex-
perimental set-up. Lasers axis (as well as the neutral caesium beam axis) are
represented by coloured cylinder and arrows. The electron axis (i.e. principal
field direction) is the white cylinder. The 8 electrodes rest on the steps of the
white piece, that is in insulating material. The amphitheatre-like shape cen-
ters the electrodes and guaranties coplanarity at machine-precision. Oblong
apertures in the centring piece hold the electrode-welded metal sheet that are

used for electrical contacts at the base of the holding piece.
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FIGURE 6.3: Simion planar cut of the ion spectrometer that should allow
imaging the ionisation zone with a magnification ×1000. It features three
consecutive cylinder Einzel lenses, each of them with a ×10 magnification.
Electrodes 7 to 8 are the ones shown on figure 6.1, electrodes 9, 13, 17 and 21
are kept at the same potential, that determines the flying energy of the ions.
Electrode 11, 15 and 19 are the active part of the Einzel electrodes. Electrode
23 is the detector, kept at the same potential as 21 or slightly lower, to attract

ions.

An important feature of this electrode assembly is, beyond the very good concentricity
and coplanarity of the electrodes, that both ends of the optical axis are free, so that the
caesium ions can also be extracted and detected. The next section deals with this side of
the set-up.

6.1.2 An ion spectrometer

On the ion side of the set-up (from electrode 8), I drew an ion spectrometer to be able to
image the ionisation zone with a magnification of ×1000. It is strongly inspired by the
work of Ref. [1] and is presented on figure 6.3. It is based on three cylindrical Einzel
lenses, each of them allowing a ×10 magnification with less aberrations than aperture
lenses. The potential required for this ×1000 magnification are under −1000 V.

A position-sensitive detector would thus allow imagery of the x and y positions of the
starting ion cloud. With a time sensitive detection we could also obtain information about
the starting z position of the ions, with a resolution depending on the flight energy and
the temporal resolution of the detector. Simulations in the presented geometry (with an
extracting field of 5 V/cm) shown on figure 6.4 show that 150 ps temporal resolution at a
flight energy of 230 eV gives a resolution of 3.3 µm on the starting z position (in the case
of negligible initial time spread). This spectrometer should thus allow the 3D-imagery of
the starting ions, with applications described in section 6.3.2.

6.1.3 µ-metal chamber

This assembly (the ionisation electrodes and the ion spectroscope) will take place in a
newly constructed vacuum chamber, that has the peculiarity of being made in 5 mm-thick
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FIGURE 6.4: Simulations in the presented geometry, showing that the initial z
positions of ions created at random with ∆z = 25 µm and flying at 230 eV can
be determined with 3.3 µm resolution with a precision of 150 ps. Here clearly
the limiting point to the spatial resolution is not the temporal resolution but
the poor correlation between arrival time and starting position, that can be

improved by decreasing the flight energy.
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FIGURE 6.5: 3D-Schematic of the mu-metal chamber represented twice with
90° rotation. All the flanges are explicitly numbered and their use is given in

table 6.1.

µ-metal. I designed it completely and it was constructed by the Kurt Lesker Company at
the beginning of the 2020 year. 3D-drawing of this chamber can be seen on figure 6.5.

This chamber has many flanges, that will have different uses depending on the con-
figuration of the experiment. Indeed this set-up will serve two purposes:

1. It will host studies on the electron source, to test our ideas to improve it. This will
require the set-up to work in the "ToF electron source" configuration.

2. Once the electron source will have appropriate properties in terms of energy spread,
temporal spread and current, the chamber will enable the first realisation of a HREELM
prototype. It will then be used in the "HREELM 0.0" configuration.

Each of these configurations uses the flanges of the chamber in a different way, which are
summed-up in table 6.1.

The "ToF electron source" configuration uses the CF150 flange(A2) to plug the electron
source to the chamber, that will be used to hold the sample manipulator in the "HREELM
0.0" configuration. The excellent shielding provided by the chamber should allow very
low ToF electron energy measurement to be performed. The ToF distance, and thus the
energy resolution, can be increased by an additional shielded drift-tube on flange A5.

The flanges B1, B2 and B3 are not centred towards the center of the main cylinder of the
chamber, but on a point in the same plane but closer to the flange A2. These flanges will be
used (as viewports and holding sample transfer tools) in the "HREELM 0.0" configuration
to manipulate the sample and fix it on the sample manipulator plugged in flange A2.

Some flanges still don’t have definitive uses, but could be used to incorporate addi-
tional elements in the future.
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N° Size "ToF electron source" configuration "HREELM 0.0" configuration
A1 CF200 Access to the chamber during assembly, blanked afterwards
A2 CF150 Electron source Sample manipulator
A3 CF63 Viewport Imaging optics, drift tube and PTSD
A4 CF63 Viewport Viewport
A5 CF40 Drift-tube and TSD Viewport or mass spectrometer
A6 CF40 Viewport Viewport
A7 CF63 Viewport Electron source
A8 CF100 Pumping Pumping
B1 CF40 Viewport Viewport
B2 CF40 Viewport Sample manipulation
B3 CF40 Viewport Sample manipulation

TABLE 6.1: Summary of the flanges available on the mu-metal chamber, and
their usage in both the "ToF electron source" and the "HREELM 0.0" configu-
rations. TSD: time-sensitive detector, PTSD: position-and-time-sensitive de-

tector.

6.2 On-going work: improving the electron source

As I mentioned in the conclusion of chapter 5, this new set-up will be used first to pursue
our studies on RPRFI, at lower fields. A photograph of the current state of the set-up
is shown on figure 6.6. A decisive advantage of this set-up is that it allows low-energy
ToF energy analysis of our electron source, so we will be able to directly measure low
energy spread, in the "ToF electron source" configuration. We could for example ionise
the state presented in section 4.4.2 and optimise the experimental parameters to obtain
the required electron bunch properties. Attaining very low energy spread (≈ 5 meV)
requires to decrease the electric field down to 10 V/cm or even lower. A first objective
of this set-up is thus to confirm that RPRFI is indeed also valuable at low field, and that
we will be able to create electron bunch with less than 1 ns duration and very low energy
spread.

Elucidating the influence of the ionisation rate of the state Γ on the ionisation dynamics
in a pulsed field will require some theoretical developments beyond a lossy two-level
system. Indeed having a model that could predict the resulting ionisation time would be
really useful.

6.3 Perspectives: realising the first HREELM prototype

6.3.1 HREELM 0.0

The set-up also has, in a longer time scale, the purpose of realising the first functioning
prototype of the HREELM instrument. Once the electron source will have had demon-
strated good enough properties, we swill switch to the "HREELM 0.0" configuration. This
allows the introduction of a sample in the way of the electrons, that will travel from the
electron source (on flange A7) and impinge on the sample at a 45° angle, then travel to-
wards a ToF dedicated-analyser fixed in flange A3 (that is provided by the team of Prof.
Schoenehense, together with the collection optics) where we will image the sample. The
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FIGURE 6.6: Photograph of the current state of the experiment, with the mu-
metal chamber in the "ToF electron source" configuration. Flange A2 holds
the electron source and the detector is fixed at the flange A5. A longer drift

tube will be fixed on A5 once an stable electron signal is obtained.

45° angle is far from optimal for the imagery, but it does not require the expensive beam
separation of the actual HREELM design. This should be enough to acquire the first
spectroscopy-correlated images of samples thanks to our electron source.

This will also be a very good platform to test the proposed detection based on the
correlation of MCPs signals and TimePix signals. We started a scientific discussion with
the group of Vincent Schoepff at CEA/LIST to lay the basis of a collaboration around
the TimePix detectors. Indeed they are expert users of this kind of detectors, and could
provide us with TimePix3 chips, together with their expertise.

6.3.2 Using ions to improve the resolution

One final note about this set-up and the future studies is the importance of the ions.
Recent experiments in our lab have shown that when ionising Rydberg states under an
electric field, detecting the position of an electron on a detector in front of the ionisation
zone gives the starting position of the ion and even allows controlling its trajectory in real
time[2]. The key ingredient is that the ionisation of highly Stark shifted Rydberg states
is gentle enough to guaranty good correlation between the detected positions of the two
charged particles. Here I propose to use this correlations in the other way, i.e. to detect
the ions and use the information they provide on the electrons.

I envision two ways this can be used effectively in the context of HREELM:

• Improving the energy resolution on energy losses in a pulsed electron source. In
section 6.1.2 I have detailed how this set-up would allow 3D-imagery of the starting
positions of the ions, the z direction being measured by the arrival time of the ion
of the detector. The idea is simple and illustrated on figure 6.7: at t0 some atoms
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FIGURE 6.7: Schematic of the principle of using ions detected in correlation
with electrons to improve the spectroscopic resolution.

are ionised in the ionisation region, in a box of say 50 µm× 50 µm× 50 µm under
an electric field that separates the charges and the 3D coordinates of the ions are
measured. The electrons travel in the chamber, hit the sample at t1, possibly lose
energy, and then fly towards the detector. It records the position of the electrons
as well as their arrival time t2. The x and y coordinates of electrons represent the
image of the sample, and the x and y coordinates of the ions can be used to correlate
them with the detected electrons. The advantage of this correlation is that we can
also correlate the arrival time of the ion, i.e. its starting z position. This means that
we know the starting position of the electron to the precision of the timing arrival of
the ion. This circumvents the need for a low electron energy spread, as long as the
dominant electron energy comes from the z position. The spectroscopic resolution
then comes from the precision on t1 and the correlation between the arrival times of
the ions and their initial z position, and not from the electron energy spread. This allows
large ionisation zone, thus removing the impact of ion space charge and electron-
electron interactions in the ionisation zone.

• Allowing the unprecedented continuous ToF energy analysis. This would require a
small ionisation zone in the z direction, and a continuous electron production. A
schematic is shown on figure 6.8. The principle is that even if the ionisation is con-
tinuous, the moment of ionisation of the electron t′0 is given by the measured ion
arrival time and the known time it takes an ion to travel from the ionisation zone to
the detector. When an ion is detected, we check if an electron has been measured
in the time window compatible with the known travel time and possible energy
losses. If such an electron was detected (in the same detector area of the ion) in
the time window, we can deduce the energy loss at the sample from the difference
between t2 and t′0.
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FIGURE 6.8: Schematic of the principle of using ions detected in correlation
with electrons to implement continuous ToF measurements.

As these techniques are quite involved in terms of detection and data analysis, they are
not priorities, but could really serve as last resort to allow the functioning of HREELM.

These long-term perspectives conclude this thesis devoted to the use of Rydberg atoms
to improve current electron sources.
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Appendix A: Aligning the electron beam
in the spectrometer: a procedure

A common issue in electron optical system is the misalignment of the electron beam inside
the different elements. Indeed, to obtain the best performances with such instruments,
one must minimize the misalignment between the electron axis and the instrument’s op-
tical axis.

This is achieved in our set-up by three sets of deflectors. The first set (see "Deflectors"
on figure 9) is composed of three electrostatic dipoles, placed after the electron source
and before the diaphragm. The procedure for this alignment starts with shutting off the
magnetic field in the magnetic sector and monitoring the electronic current on the inner
tube. Then the diaphragm is closed to its first position and the potentials on deflectors is
tuned to maximize the current reading. We then close the diaphragm to its second step,
optimize the potentials, and close it to its third and final step.

If we open the diaphragm completely at this point, the current should increase by no
more than a factor 2. If there is more than a factor 2 between the current reading with a
fully-open and a fully-closed diaphragm, then the electron beam is too divergent. Indeed
the ionisation zone is not more than 500 µm, and the fully-closed diaphragm has an aper-
ture of 1 mm, so the main part of the beam should pass easily through the diaphragm,
even fully closed. The potential on the Einzel lens (i.e. the potential on electrode 3) can
then be tuned to modify the collimation decrease the ratio between the two extreme cases.

The second set of deflectors is placed after the diaphragm and before the magnetic
sector (see dipole2 and DMX on figure 9). It is composed of two magnetic dipoles that
act on the X and Y axis independently. From now on we tune the current in the magnetic
sector to have the electron beam centred on the detectors. If there is a misalignment in
the Y axis, then changing the current in the magnetic sector shifts the electron spot along
a line that is not perfectly horizontal (the X direction). We tune the current inside DMX
to correct the angle between the spot travel line and the horizontal axis.

The third set of deflectors is placed just after the magnetic sector and before the first
post-sector quadrupole Q1. It is again a pair of magnetic dipole, called DX and DY. DY
is adjusted so that the electron beam pass at the center of Q4 (the last quadrupole before
the detector). We check that it also passes at the center of the other quadrupoles. If not,
DMX is slightly modified and DY is tuned to pass through Q4.

The dipole2 deflector acts on the X direction and is adjusted together with the current
in the sector, and with DX. They are tuned until the electron beam is at the center of Q1,
Q2,Q3 and Q4.

To determine if the electron beam passes through the center of any quadrupole, the
simplest way is to activate the quadrupole, and check if the electron spot shifts on the
detector due to the effect of the quadrupole in question. A proper alignment makes any
quadrupole focus the spot in one direction and defocus it in the other direction, without
any shifts. If the center of the electron spot moves, this means that the electron beam is



FIGURE 9: Schematic of the experimental set-up, containing the electron
source, the Gatan 666 photo electron energy loss spectrometer and the detec-
tors. The blue frame of reference is for elements before the magnetic sector,
while elements after the sector are referenced in the red frame. See text for

detailed explanation of specific parts.



not at the center of the quadrupole. Indeed the quadrupole magnetic potential (see figure
4.13) only acts as a lens on a centred beam, meaning that if there is a shift, it is due to a
dipolar behaviour caused by a misalignment. Tuning the alignment of an electron beam
on a quadrupole is thus done most efficiently when the excitation of the quadrupole is
changed automatically and rapidly (wobbled), this way one only has to tune the deflec-
tor while observing the effect of the quadrupole’s changing excitation. This wobble is
best done via a script, instead of the tedious job of wobbling by hand between each mod-
ification of the adjusted parameter.

That is why I wrote a script in Dm for each quadrupole, that wobbles the quadrupole
excitation on demand. As stated before, this is very useful to align the electron beam in
the instrument. When the electron beam is correctly aligned, the next step towards an
energy spread measurement is the tuning of the pre- and post-sector quadrupoles and
hexapoles.
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